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ABSTRACT 
Tornado is one of the most severe weather events that affect the United States and 
other countries every year. However, the research on tornado and its effects on structures 
is relatively scant compared with conventional boundary-layer wind events (e.g. 
hurricanes). With the increasing frequency of intensive tornadoes and high profile tornado 
disasters (e.g. 2011 Joplin Tornado and 2013 Moore, Oklahoma Tornado), the study on 
tornadoes has been one of the most pressing research needs in the wind engineering 
community in recent years.  
In this research, experimental studies on characteristics of tornado wind field and 
tornado-structure interactions were conducted using a laboratory-scale tornado vortex 
simulator. The obtained experimental results were later used in the development of a new 
three-dimensional (3D) tornado wind field model to characterize the multiple-cell tornado 
vortices. The developed 3D tornado wind field model was then used for risk assessment of 
tornado hazards. There were four major research tasks in this study. These inter-connected 
research tasks are briefly discussed and summarized as following: 
Task 1. Experimental simulation on tornado wind field: A series of experiments were 
conducted in the tornado vortex simulator in Tongji University in China, by manipulating 
the controlling parameters of tornado vortex simulator to simulate different tornado 
vortices with different swirl ratios. The cobra probe was used to capture three-dimensional 
wind speeds and wind pressure accompanying a tornado. In addition, the roughness effects 
on tornado vortices were considered by introducing the roughness elements. The obtained 
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experimental results were used in Task 3 to develop a new three-dimensional tornado wind 
field model. 
Task 2. Tornado-structure interaction: Cooling tower is a wind sensitive structure due 
to its tall, flexible and thin shape characteristics. The hyperbolic-curve thin-shell rigid 
cooling tower model was modeled in this research. By adjusting the relative radial distance 
between the tornado vortex simulator and cooling tower model, the stationary tornado-
induced wind loadings on cooling tower were studied. Additionally, the translation effects 
of tornado vortices were considered by controlling the translating speeds of the tornado 
vortex simulator. Note that all the tests in this task were conducted without considering the 
roughness effects. Low-rise buildings are frequently struck by tornadoes. Experimental 
simulation on tornado and low-rise building model interactions was conducted in tornado 
vortex simulator. Internal pressure distribution was considered and measured by varying 
the sizes of the opening holes on the building envelope (i.e. external wall surfaces) of the 
building model. By adjusting the relative radial distance between the tornado vortex 
simulator and low-rise building model, the stationary tornado-induced wind loadings on 
low-rise building were studied. The obtained tornado-structure interaction results were 
further used in Task 4 to conduct fragility analysis of low-rise building subjected to tornado 
hazards. 
Task 3. Three-dimensional tornado wind field model:  Tornado wind field model is 
one of the fundamental elements required for risk assessment of tornado hazard. A 
parametric three-dimensional tornado wind field model was developed based on the 
experimental data obtained from Task 1. The least square method was utilized to determine 
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the modeling parameters. Additionally, the wind speed errors were quantified by 
comparing the wind speeds between experimental data and the 3D wind field model. The 
comparison between the new wind field model and real tornado observation was made to 
validate the wind field model. Many existing tornado wind field models can only 
characterize single-cell vortices. The new wind field model can model the flow structure 
of multiple-cell tornado vortices and realistically simulate the velocity shear profile. 
Task 4. Fragility analysis of low-rise building: Risk assessment of tornado hazards is 
important for establishing building code design standards and estimating losses for 
insurance purpose. Using the tornado wind field model developed in Task 3, experimental 
data of tornado-structure interaction obtained from Tasks 1 and 2, and the capacity data 
from other research, a fragility framework for quantifying the failure probability of roof 
structure was developed. The fragility curves for roof sheathing panels and roof-to-wall 
connections were developed. Different damage levels for roof sheathing panels and roof-
to-wall connections were considered, and the results were also compared with those 
obtained assuming the wind pressures of straight winds based on the ASCE 7-10 provision. 
The fragility curves developed may be used by the structural design committee to set design 
standards to achieve a balance between safety and cost. 
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 INTRODUCTION 
Strong wind such as typhoon and tornado are among the most severe natural hazards 
that affect the United States on a yearly basis. Tornado disasters have drawn increasing 
public attention in the past decades. According to the National Weather Service (NWS), a 
sub-agency of the National Oceanic and Atmospheric Administration (NOAA), there are 
more than 56,000 tornadoes reported in the continental United States since 1950 (Fig. 1.1). 
However, observations in earlier years (pre 1990s) are likely to be incomplete. The mean 
annual occurrence rate is about 1,000 (events/year) for recent years where the records are 
considered to be more complete. The average annual loss of tornadoes from 1949 to 2006 
was estimated at $982 million (2006 USD), which exceeded the annual tornado loss of 
$462 million (2006 USD) estimated from the NWS (National Weather Service) for 1950-
1999 (Changnon, 2009). 
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Fig. 1.1 Number of tornadoes reported per year in the continental United States.
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1.1 Formation of Tornado Vortices 
Tornadoes are strong swirling vortices. The formation of tornadoes is a hot topic and 
has been investigated by many meteorologists in the past decades. The rear flank downdraft 
which is a region of dry air wrapping around the back of a mesocyclone is responsible for 
the formation of tornadoes as shown in Fig. 1.2. The warm and cold air meets and causes 
the flow rotating. More air would be drawn into the mesocyclone, generating the updraft. 
With the increase in intensity of updraft, the low pressure at the surface would be created, 
pulling the mesocyclone down, in the form of a visible funnel. As the funnel descends, the 
rear flank downdraft also reaches the ground, which will cause a tornado. 
 
 
(https://en.wikipedia.org/wiki/Rear_flank_downdraft) 
 
Fig. 1.2 The formation of tornado vortices 
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1.2 Enhanced Fujita Scale 
The Enhanced Fujita Scale (EF-scale) describes the intensity of tornadoes based on the 
observed post-event damages (Edwards et al., 2013). The EF-scale is an update of the 
original Fujita scale introduced in 1971 by Tetsuya Theodore Fujita (Fujita, 1971), which 
grouped tornadoes into six categories based on the intensity and damage potential from 
zero to five. The wind speeds and damage descriptions are summarized in Table 1.1. 
 
(https://en.wikipedia.org/wiki/Enhanced_Fujita_scale) 
Scale Wind Speed (mph) Potential Damage Example of Damage 
EF0 65-85 
Minor or no damage 
Peels surface off some roofs; some damage to gutters or 
siding; branches broken off trees; shallow-rooted trees 
pushed over.  
EF1 86-110 
Moderate damage 
Roofs severely stripped; mobile homes overturned or 
badly damaged; loss of exterior doors; windows and 
other glass broken.  
EF2 111-135 
Considerable damage 
Roofs torn off well-constructed houses; foundations of 
frame homes shifted; mobile homes completely 
destroyed; large trees snapped or uprooted; light-object 
missiles generated; cars lifted off ground.  
EF3 136-165 
Severe damage 
Entire stories of well-constructed houses destroyed; 
severe damage to large buildings such as shopping 
malls; trains overturned; trees debarked; heavy cars 
lifted off the ground and thrown; structures with weak 
foundations are badly damaged.  
EF4 166-200 
Extreme damage 
Well-constructed and whole frame houses completely 
leveled; cars and other large objects thrown and small 
missiles generated. 
 
EF5 >200 
Total destruction of buildings 
Strong-framed, well-built houses leveled off foundations 
are swept away; steel-reinforced concrete structures are 
critically damaged; tall buildings collapse or have severe 
structural deformations; some cars, truck and train cars 
can be thrown approximately 1 mile.  
Table 1.1 EF-scale 
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1.3 Tornado Flow Structure 
Tornadoes can be divided into one-cell and multiple-cell tornadoes based on their flow 
structures.  In a one-cell tornado, only one column of spinning air rotates about the center 
axis.  In a multiple-cell tornado, two or more columns of spinning air swirl about their own 
axis and around a common center at the same time. One- and multiple-cell tornadoes are 
differing from each other by the flow structures of the wind fields.  In a one-cell tornado 
vortex (Fig. 1.3a), the wind field consists of only the upward axial flow and inward radial 
flow, while in a multiple-cell vortex (Fig. 1.3b), it has both upward and downward axial 
flows, and inward and outward radial flows. 
                              
 
                       (a) One-cell tornado                                                (b) Multiple-cell tornado 
 
1.4 Tornado Loading and Building Codes 
Since the 1960s, researchers have qualitatively studied tornado-induced wind loads on 
structures and realized that tornado-structure interaction is different from that of a straight-
line wind event (i.e. steady velocity profile in a planetary turbulent boundary layer). Unlike 
Fig. 1.3 Flow structures of tornado vortices (Haan et al. 2008)
Upward flow 
Inward flow 
Downward flow 
Outward flow 
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a conventional straight-line wind event, sudden pressure drop or suction on the building 
envelope, dynamic loading effect, loading due to peak pressure and flow unsteadiness, and 
windborne debris have been identified as key factors that need to be considered when 
studying building damage due to tornadoes (Chang, 1971).  The occurrence of a tornado is 
considered a low probability and high consequence event.  Because the probability of a 
building being hit by a tornado is extremely low, designing buildings, in particular, low-
rise residential buildings to resist tornado was deemed not cost effective by many in the 
engineering community. Consequently, there was also less research effort spent on 
improving our understanding of tornado loads when compared to hurricane and 
conventional strong boundary-layer winds.   
The underlying philosophy in the U.S. building codes, such as the 2010 and older 
versions of ASCE 7 Minimum Design Loads for Buildings and Other Structures, is that it 
is not cost effective to design the entire structure to resist tornado loading for conventional 
buildings and residential dwellings.  Hence, there are currently no well-established design 
methods and provisions in the U.S. building codes for tornado design of conventional 
buildings.  The current ASCE 7-10 design wind speed maps are derived from straight-line 
and hurricane winds.     
Due to the occurrences of a series of high profile tornado disasters in the U.S. in recent 
years (e.g. 2011 Joplin Tornado and 2013 Moore Tornado), there is a call-for-action in the 
engineering community to design buildings to resist, at a minimum, lower intensity tornado 
events (e.g. EF-0 and EF-1).  Fig. 1.4 shows the aerial photos of the damages caused by 
the 2011 Joplin Missouri Tornado and 2013 Moore Oklahoma Tornado.  The Joplin and 
6 
 
Moore tornado events resulted in a combined total direct loss of 6.5 to 7 billion USD, and 
more than 240 people were killed. In addition, in the past two decades, the occurrence of 
tornadoes in non-traditional tornado-prone countries such as Japan and China has increased 
(Tamura et al., 2007; Cao and Wang, 2013).  The recent shift in the U.S. engineering 
community toward the inclusion of tornado-resistant design into building codes and the 
surge of tornados events worldwide motivated this research study.  
 
         
(a) Joplin Tornado                                                      (b) Moore Tornado 
 
1.5 Research Objectives and Tasks 
The overarching goals of this research are (1) to improve our understanding of tornado 
loading on low-rise buildings, and (2) to develop a risk assessment framework for 
tornadoes. An improved understand of tornado loading on buildings will contribute toward 
the development of tornado design procedures for building codes. The results of a tornado 
risk assessment framework may be used by building code officials and committee to set 
design standards to achieve a balance between safety and cost. To achieve the research 
goals, the following four major tasks are proposed.  
Fig. 1.4 Aerial photos of damages of the 2011 Joplin Tornado and 2013 Moore Tornado
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Task 1: Experimental simulation of tornado wind  
The objective of Task 1 is to obtain tornado wind fields’ information from experiments. 
Task 1 was completed by using the TVS (Tornado Vortex Simulator) in Tongji University, 
China. Three dimensional (3D) velocity components (tangential, radial and axial 
components) and the pressure drop accompanying a tornado were measured 
simultaneously. Roughness effects on the characteristics of tornado wind field by 
introducing the roughness elements were considered. The results of Task 1 provide a better 
understanding of tornado wind field and the differences between tornado wind field and 
that of straight-line boundary-layer wind flow. The three measured wind velocity 
components in Task 1 were used in Task 3 to develop a 3D parametric tornado wind field 
model.   
Task 2: Tornado-structure interaction 
The tornado-induced wind pressures on (1) a scaled cooling tower model, and 2) a 
scaled low-rise residential building were measured using the TVS facility at Tongji 
University to study tornado-structure interaction. The translation or forward speed of 
tornado on the wind pressures on a cooling tower was considered. Additionally, the effects 
of opening and leakage in building envelope on the internal pressure of a low-rise building 
were studied. The tornado-induced wind pressures on low-rise building were used in the 
research work of Task 4 to develop a risk assessment framework for tornado.  
Task 3: Development of a three-dimensional tornado wind field model 
A 3D tornado wind field model was developed based on the results of Task 1. The 
current state-of-the-art tornado wind field models for engineering applications are 
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developed for modeling single-cell vortices. The objective of Task 3 is to develop a tornado 
wind field model that is capable of simulating the three dimensional flow structure of 
multiple-cell tornadoes.  Multiple-cell vortices are commonly observed in real tornadoes.  
The 3D tornado wind-field model is used in Task 4 to assess the damage potential of 
multiple-cell tornadoes on low-rise buildings.  In addition, the proposed 3D tornado wind 
field model may be used by other researchers to generate tornado wind hazard maps or 
used in a debris flight model to simulate the flight paths of wind-borne debris.  
Task 4: Development of a risk assessment framework for tornado hazards 
The risk assessment framework for tornado hazards was developed using fragility 
analysis to assess the building envelope failures of low-rise residential buildings. The 
fragility analysis requires the quantification of demand and capacity models.  The demand 
or load model can be obtained from the experimental results of tornado simulator of Task 
2.  The building envelope strength data (e.g. roof panel uplift resistance) or capacity model 
can be obtained from the experimental results of suction chamber tests of roof covers or 
sheathings by others (e.g. Ellingwood et al., 2004; Grayson et al., 2013).  The fragility 
analysis of a structure may be used by building code officials and committee to set design 
standards to achieve a balance between safety and cost. 
On the completion of the listed tasks, this research can (1) provide an improved 
understanding of tornado wind field and tornado-structure interactions; (2) enable the 
modeling of multiple-cell tornado vortices using a 3D wind field model; (3) establish a risk 
assessment framework for assessing the risk of low-rise structures subjected to tornado 
hazard.  
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1.6 Organization of Dissertation   
The experimental study of tornado vortices of Task 1 is presented in Chapter Two, 
which contains information on the experiment of tornado wind field measurements. 
Chapters Three and Four discuss the experimental results of tornado-structure interaction 
for a cooling tower and a low-rise building, respectively. In Chapter Five, the development 
of a 3D tornado wind field model for multiple-cell tornado vortices is presented and 
discussed.  The comparisons between the experimental data and proposed model are made 
to validate the accuracy of the new wind field model.  Chapter Six presents the development 
of a tornado risk assessment framework for low-rise structures.  Chapter Seven presents 
the concluding remarks of this doctoral research.   
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    EXPERIMENTAL SIMULATION OF TORNADO VORTICES 
2.1 Introduction 
Field investigation of tornado flows is extremely difficult and dangerous.  There are a 
number of advantages in performing scaled model simulations of tornadoes in a controlled 
laboratory environment, which include easy observation of the flow phenomenon and good 
reproducibility. Experimental investigation of the flow structure of tornadoes using a 
reduced scale simulator was first commenced by Chang (1971), who generated tornado-
like vortices with a rotating cylindrical screen. About the same time, Ward (1972) modelled 
tornado-like flow by mounting a fan above the test area to provide an updraft, and guide 
vanes around the test area to generate swirling flow. Ward’s device for generating a 
tornado-like vortex, which provides angular momentum to the converging flow, is now 
referred to as the Ward-type tornado simulator. Following Ward’s work, several 
laboratory-scale tornado flow simulations have been conducted to further study the tornado 
vortex (Church et al., 1979; Jischke and Light, 1983).  Haan et al. (2008) developed a new 
type of tornado vortex simulator in which the guide vanes were located near the top of the 
simulator to allow vertical circulation of flow in the process of generating a tornado. The 
current state-of-the-art and the world largest tornado simulator is housed in a 25-m 
diameter Wind Engineering, Energy and Environment (WindEEE) dome at Western 
University, Canada. This simulator offers a novel technique to model the 3D tornado flows 
by manipulating the outflow and direction of fans (Refan et al., 2014; Refan and Hangan, 
2016).  
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As in the development of a conventional atmospheric boundary layer, ground roughness 
is considered to play an important role in determining the properties of tornado-induced 
boundary-layer flow. Surface roughness changes the flow characteristics of a tornado 
(Leslie 1977; Zhang and Sarkar, 2008), and thus the wind forces acting on a structure near 
the ground surface. Therefore, it is important to investigate the dependence of tornado-like 
flow on surface roughness. Laboratory tests have been performed in the past to study how 
surface roughness influences velocity and pressure distribution. Dessens (1972) studied the 
effects of surface roughness on tornadic flows in laboratory simulations and found that 
roughness increases the radius of maximal tangential velocity and simultaneously 
decreases the maximal tangential velocity with increase in vertical velocity in the vortex 
core. Wilkins et al. (1975) conducted an experiment in water and found similar results to 
Dessens (1972). Similar findings were also observed by Matsui and Tamura (2009), who 
additionally found that the effects of roughness are weak at a high swirl ratio, which is a 
parameter to characterize the swirling degree of the flow. Leslie (1977) investigated 
roughness effects physically and arrived at the conclusion that over a rough surface greater 
swirl is necessary to initiate a transition to a greater number of vortices than over a smooth 
surface, and that roughness has the effect of reducing the swirl ratio. Zhang and Sarkar 
(2008) investigated the effects of roughness on the near-ground tornado-like vortex 
structure and the velocity distribution by Particle Image Velocimetry measurement. They 
found that roughness causes a transition from a multi-celled vortex structure on a smooth 
surface, for a high-swirl-ratio case, to dual-celled or even single-celled vortex, which is 
consistent with Leslie (1977). However, they reported that the core radius decreased when 
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roughness elements were added, which conflicts with the results of Dessens (1972), 
Wilkins et al. (1975) and Matsui and Tamura (2009). The previous experimental researches 
implied that increasing viscosity (decreasing Reynolds number) would make the two-celled 
or multiple-cell tornado vortex over smooth surface develop toward a more concentrated 
vortex. On the other hand, if the vortex over a smooth surface was a single-cell vortex, the 
roughness element would thicken the boundary layer with an increased core radius and 
weakened vortex. In addition, Neakrase and Greeley (2010) investigated the effects of 
surface roughness on vortex dynamics of dust devils and found that low roughness 
increased the maximum tangential velocity and made the vortex more concentrated, 
whereas the medium and high roughness decreased maximum tangential velocity and 
enlarged core radius. Meanwhile, there have been several numerical Computational Fluid 
Dynamics (CFD) studies on the effects of roughness on tornado-like vortex dynamics. 
Lewellen and Sheng (1979) studied the effects of surface roughness numerically. Kuai et 
al. (2008) used the k-ε model to study the effects of surface roughness. Natarajan and 
Hangan (2012) numerically studied the effects of surface roughness on tornado-like 
vortices using a Large Eddy Simulation (LES) model and found that roughness causes an 
effect similar to reducing the swirl ratio, which is consistent with Leslie (1977) and Zhang 
and Sarkar (2008). The above experimental and numerical studies have shown that surface 
roughness causes significant differences in tornado velocities, although they were not in 
complete agreement on how surface roughness modifies the flow field such as the variation 
of vortex core radius and velocity distribution, which calls for further research on this topic. 
Meanwhile, the tornado-like vortices simulator utilized in the present study added a 
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rotating forced downdraft flow mechanism, similar to Haan et al. (2008), in modelling the 
rear flank downdraft (RFD) phenomenon of a tornado, compared with the traditional Ward-
type simulator. The difference in tornado-like vortex flow resulting from a different flow-
modelling mechanism is also of interest. In addition, laboratory experiments on dust devils 
have shown that dust removal is more efficient with vortex flow than boundary-layer flow 
due to the pressure deficit in the core of dust devils. The obtained results in this study have 
a potential of direct application to atmospheric dust devils although the generation 
mechanism of natural tornados and dust devils is different. 
This Chapter investigated the dependence of tornado-like vortices on surface roughness 
by utilizing the tornado vortex simulator built at Tongji University, China. The influences 
of surface roughness were evaluated by comparing the boundary-layer wind characteristics 
such as three-dimensional mean and fluctuating velocities and wind pressure drop under 
two roughness conditions with those under smooth surface conditions for two different 
swirl ratios. 
2.2 Tornado Vortex Simulator 
A tornado vortex simulator (Wang et al., 2015; Wang et al., 2017) constructed  at Tongji 
University, China, shown in Fig. 2.1, was utilized in the present study. The mechanism for 
generating the tornado-like vortex is similar to that at Iowa State University, USA (Haan 
et al., 2008), which employs a rotating forced downdraft technique to model the rear flank 
downdraft phenomenon.  A circular duct of 1.5 m in diameter and 1.009 m in height is 
suspended overhead with a 0.5-m diameter updraft hole ( ݎ௢  = 250 mm) holding a 
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controlling fan (maximum flow rate 4.8 m3/s, and maximum rotational speed 3500 
revolutions per minute) to generate a strong updraft.  A screen and a honeycomb below the 
fan are mounted at the center of the duct. A total of 18 guide vanes with adjustable 
orientation angles are placed on the top of the simulator and spaced equally along the inner 
periphery of the annular duct to generate rotating downdraft and swirling flow.  The 
simulator floor can be adjusted in the vertical direction, enabling a range of heights for the 
inflow layer (ℎ = 150 mm to 550 mm).  In addition, this tornado vortex simulator can 
translate along the ground plane at a given speed (maximum speed 0.4 m/s), to simulate 
the translating motion of a tornado. All the controlling parameters and measurement 
information are shown in Table 2.1. 
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Fig. 2.1 Schematic diagram of tornado vortex simulator at Tongji University
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ro Updraft hole radius a Aspect ratio (h/ro) 
h Inflow height S Swirl ratio 
θ Guide vane angle um 
Translation speed of the tornado vortex 
simulator 
r Radial distance from the vortex center z Measurement height or elevation 
z0 Elevation of the maximum tangential velocity 
u Tangential velocity v Radial velocity 
w Axial velocity wmax 
Maximum axial velocity at individual 
elevation 
umax Maximum tangential velocity at individual elevation 
umax0 Maximum tangential velocity of the entire wind field 
umaxh Maximum tangential velocity at the model height 
ur Maximum tangential velocity along the vertical height at a given radius 
rc Core radius corresponding to umax at individual elevation 
rc0 Core radius corresponding to umax0 
rch Core radius corresponding to umaxh 
rcr Radial distance of the transition from radial inflow to radial outflow 
rca Radial distance corresponding to wmax 
 
2.3 Swirl Ratio 
The main difference between a tornado vortex and a conventional boundary-layer wind 
flow is that the tornado vortex has strong swirling effects resulting in the wind velocities 
and pressure fields different from those of straight-line winds. The swirl ratio (S) is a 
parameter that accounts for the momentum exchange between the rotating flow and radial 
inflow. The swirl ratio correlates well with the vortex structure and is one of the key 
parameters for characterizing the tornado vortex.  In this study, swirl ratio is defined as  
ܵ = tan ߠ /(2ܽ), where ߠ and ܽ are the guide vane angle and the inflow height-to-core 
radius of updraft hole aspect ratio (ܽ = ℎ/ݎ௢), respectively (Mitsuta and Monji, 1984; 
Table 2.1 Nomenclature for wind field model measurement 
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Matsui and Tamura, 2009). Alternatively, it can be defined as ܵ௢ =
௥భ୻
ଶொ௛೏
 (Ward, 1972; 
Church et al., 1979; Haan et al., 2008), where  is the flow circulation, Q is the volume 
flow rate per unit axial length, ℎௗ is the inflow height, and ݎଵ is the radius of the domain. 
In the present experiment, the inflow height was fixed at ℎ = 300 mm below the exit of the 
outer duct; thus, the aspect ratio is a constant ܽ = 1.2. The experiments were conducted at 
five swirl ratios, ܵ = 0.15, 0.24, 0.35 and 0.72, obtained by changing the guide vane angles 
(ߠ = 20o to 60o with 10o gap). As summarized by Church (1979) and Matsui and Tamura 
(2009), tornado-like vortices are laminar when the swirl ratio  ܵ < 0.3 and become turbulent 
when the swirl ratio becomes larger. Therefore, the present measurements were performed 
at the above mentioned five swirl ratios. In addition, it was unable to test at lower swirl 
ratios (less than 0.15) because the vortex became too unstable due to random vortex wander 
(Snow et al., 1980; Cleland 2001). 
2.4 Roughness Effects 
In order to clarify the effects of surface roughness on the flow characteristics of tornado-
like vortices, the experiment was carried out under two roughness conditions as well as a 
nominal smooth condition. The roughness conditions were modelled by placing small 
cubes on the ground surface, which enabled an explicit quantification of roughness 
condition by utilizing roughness parameters such as roughness density ߣ, which is defined 
as the ratio of total roughness frontal area to total ground surface area. Fig. 2.2 shows the 
arrangements of roughness blocks with two roughness densities (ߣ = 5% and 25%) used in 
the present study, in which 5-mm high cubic roughness blocks are uniformly distributed 
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on the floor surface. For a horizontally-uniform fully developed rough wall turbulent 
boundary layer with a log-law mean velocity vertical profile, the roughness length  
increases linearly with roughness density ߣ when 0 < ߣ < 0.25 and then decreases with 
increase in roughness density (Raupach et al., 1991). The arrangement of roughness blocks 
with 0 < ߣ  < 0.25 follows the well-known Nikuradse-Clauser correlation scheme of 
velocity profile. Meanwhile, some statistical studies on the roughness density and 
probability density function of building heights utilizing Geographic Information System 
(GIS) data indicated that residential suburb areas and central urban areas have roughness 
densities of about 0.11 and 0.31, respectively (Tamura et al., 2003). Thus, it is appropriate 
to assume that the smooth and two roughness conditions of the present study correspond 
to roughness categories 1, 2 and 3 specified by the Architectural Institute of Japan 
recommendations for wind loads on buildings, or categories A, B and C of the Chinese 
codes. A real tornado usually appears in open flat countryside, fields with crops and few 
trees, suburban areas with residential houses, and even urban areas, so three roughness 
categories covering tornado-prone regions are considered in the present study. 
 
                                    
(a)  Roughness density λ = 0.05                     (b) Roughness density λ = 0.25 
Fig. 2.2 Two different arrangements of roughness blocks 
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2.5 Experimental Setup  
In this study, three-dimensional velocities and pressures were measured on six 
horizontal planes with different heights (z = 10 mm, 15 mm, 25 mm, 50 mm, 75 mm and 
100 mm above the floor) for the smooth surface and five horizontal planes for rough 
conditions at five swirl ratios (ܵ = 0.15, 0.24, 0.35, 0.5 and 0.72) as summarized in Table 
2.2.  
 
Case No. Fan speed (rpm) 
Inflow height  
h (mm) 
Updraft hole 
radius 
 ro (mm) 
Aspect 
ratio  
a 
Guide vane 
angle  
θ (o) 
Swirl 
ratio  
S 
Case1 1500 300 250 1.2 20 0.15 
Case2 1500 300 250 1.2 30 0.24 
Case3 1500 300 250 1.2 40 0.35 
Case4 1500 300 250 1.2 50 0.50 
Case5 1500 300 250 1.2 60 0.72 
 
A TFI (Turbulent Flow Instrumentation) Cobra Probe with a 4-hole head 2.6 mm in 
diameter and a 30-mm long by 2-mm diameter shaft is capable of three-dimensional 
velocity measurement with a sample frequency up to 2 kHz. The probe is available in 
various ranges for use between 2 m/s and 100 m/s within a cone of influence of ±45°. Low 
measurement accuracy at low wind speed makes quantitative analysis of wind speed 
characteristics, especially second order cross-term turbulence statistics, difficult at the 
tornado core center. In the present study, the reference pressure for calculating the pressure 
drop was taken far from the simulator. The data were acquired at a rate of 500 Hz for 90 
seconds at each measurement location. Radial Reynolds number Re =  ݒݎ/߭ is another 
Table 2.2 Experimental simulator settings
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factor to control flow structure, where the radial velocity v and the radius ݎ are the values 
at the point with maximum tangential velocity in the simulator and ߭ is the kinematic 
viscosity. In the current study, Re roughly increased from 3.3 × 103 to 4.1 × 103 and from 
9.1 × 103 to 1.4 × 104 at ܵ = 0.15 and 0.72, respectively, when the surface condition varied 
from the smooth to the rough. Radial Reynolds number is of secondary importance 
compared with the swirl ratio (Rotunno, 1979; Mitsuta and Monji, 1984; Bienkiewica and 
Dudhia, 1993). In addition, the roughness block with sharp edge was utilized to model the 
rough condition, which reduced the Reynolds number effect on the interaction between 
roughness blocks and swirling boundary layer. Thus, there is not much discussion on the 
radial Reynolds number effects.  
2.6 Tornado Wind Velocity Profiles 
2.6.1 Tangential velocity profile 
Fig. 2.3 presents the radial distribution of tangential velocity on smooth and rough 
surfaces at two swirl ratios ܵ = 0.15 and 0.72 and two elevations ݖ = 15 mm and 50 mm, 
respectively. Elevation ݖ = 15 mm is the lowest height measured over a rough surface in 
the experiment and it is three times the roughness block height, while elevation ݖ = 50 mm 
is ten times the roughness block height. The radial distance ݎ is normalized by the radius 
of the updraft hole, as shown in Fig. 2.1. All figures in Fig. 2.3 exhibit the typical velocity 
distribution of a tornado in which the tangential velocity increases with distance from the 
vortex center, and after reaching a peak value at the vortex core radius, the tangential 
velocity component decreases. Fig. 2.3a and b show that, for the locations outside the 
tornado core at low elevation ݖ = 15 mm, the tangential velocity components on the rough 
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surface are smaller than those on smooth surface, and the tangential velocity components 
decrease with increase in roughness density at both swirl ratios. However, the tangential 
velocity components on the rough surface are greater than those on the smooth surface 
inside the vortex core, although their dependence on roughness density is not consistent for 
the two swirl ratios. The result in which the tangential velocity component increases over 
the rough surface inside the vortex agrees with Zhang and Sarkar (2008) and Natarajan and 
Hangan (2009), but disagrees with Dessens (1972) and Matsui and Tamura (2009). The 
difference between the maximum tangential velocities for the smooth and rough surfaces 
is smaller at low swirl ratio 0.15 than at high swirl ratio 0.72. This result differs with Matsui 
and Tamura (2009), in which the roughness effect is weaker at a higher swirl ratio. As 
mentioned previously, the tornado-like vortices simulator utilized in the present study 
considered the effects of rotating forced downdraft flow in modelling the RFD 
phenomenon of a tornado, which is considered the most likely reason why the present result 
agrees with Zhang and Sarkar (2008) but disagrees with others. In addition, at ݖ = 50 mm, 
the horizontal profile of tangential velocity over the rough surface exhibits similar behavior 
to that on the smooth surface indicating that the effects of ground roughness are not 
significant at higher elevations. 
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(a) S = 0.15, z = 15 mm; (b) S = 0.72, z = 15 mm; (c) S = 0.15, z = 50 mm; (d) S = 0.72, z = 50 mm 
 
Fig. 2.4 compares the radial distributions of tangential velocity obtained under different 
surface conditions with those of Haan et al. (2008) and radar observations of real tornadoes, 
although the measurement conditions do not match well. The measurement height of the 
present study, ݖ = 15 mm, corresponded to ݖ = 0.21 ݎ௖, 0.3 ݎ௖ and 0.21 ݎ௖, respectively for 
smooth surface, rough surfaces ߣ = 5% and ߣ = 25% at swirl ratio ܵ = 0.72. However, the 
data of Haan et al. (2008) in Fig. 2.4 was obtained over a smooth surface at height ݖ = 0.10 
ݎ௖ for swirl ratio ܵ௢  = 1.14. Note that the definition of the swirl ratio ܵ௢ in Haan et al. (2008) 
is different from that used herein and ܵ௢  = 1.14 corresponds to ܵ = 1.41 of the present study. 
Meanwhile, the tangential velocities of the Spencer tornado and the Muhall tornado were 
observed at height ݖ = 0.10 ݎ௖ (Haan et al., 2008). In Fig. 2.4, the vertical coordinate of 
tangential velocity and the horizontal coordinate of the radial positions are normalized by 
u 
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Fig. 2.3 The radial distribution of tangential velocity at height z = 15 mm and 50 mm:
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the maximum tangential velocity ݑ௠௔௫  and the core radius ݎ௖  (the radius where the 
maximum tangential velocity occurs) at the given height ݖ, respectively. Note that tornado 
core radius changes with roughness density, height and swirl ratio as shown later in Fig. 
2.5. Fig. 2.4 shows that the normalized tangential velocities inside and outside the cores 
are greater under rough conditions than under smooth conditions. Despite the difference 
that the experiment data were obtained for a stationary tornado while the observations were 
for a translational tornado, the distribution of tangential velocity over the smooth surface 
in the present study is closer to the observations, possibly because the data of real tornadoes 
were observed in an open and smooth region outside the city, which are closer to smooth 
surface conditions. The velocity at the tornado vortex simulator center is shown to be non-
zero and the deviation from zero is more obvious under rough conditions in Fig. 2.4. The 
device’s low accuracy at low wind speed region described previously is considered the 
main reason for this error of velocity measurement at the vortex center, where the velocity 
is generally lower than 2.0 m/s. In addition, the vortex wander, a seemingly random motion 
of the vortex center, also contributes to this result and much more significant vortex wander 
is coming up over rough surface which possibly explains the higher velocity occurring at 
vortex center over rough surfaces. Although the velocity measurement has accuracy 
problem around the vortex center, the measurement is considered reasonable and 
acceptable for other regions with greater velocity values. 
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The core radius at different heights under the two roughness conditions and a smooth 
condition are shown in Fig. 2.5. An obvious increase in core radius with height is observed 
for each surface condition. A decrease in core radius is observed for increased surface 
roughness at lower elevations, which is inconsistent with Dessens (1972), Leslie (1977) 
and Matsui and Tamura (2009) but in agreement with Zhang and Sarkar (2008) and 
Natarajan and Hangan (2009). The results of the variation of core radius with roughness 
and variation of tangential velocity shown previously in Fig. 2.3 are very interesting 
because the discrepancies between the present study and Dessens (1972) and others may 
be caused by the adopted vortex-generating mechanism. The tornado-like vortices 
simulator utilized in the present study and Zhang and Sarkar (2008) included the effects of 
rotating forced downdraft flow in modelling a tornado, which are different from those of 
Dessens (1972) and others. This result emphasizes the necessity of appropriate modelling 
of a tornado-like vortex and requires more study. In addition, Fig. 2.5 shows that, at higher 
elevations, the core radius over a rough surface becomes larger than that over a smooth 
u 
/ u
m
ax
Fig. 2.4 Radial distribution of normalized tangential velocity at S = 0.72 
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surface, although the increase is not significant. It is reasonable to conclude that the 
roughness effects on core radius are confined to lower elevations, which is consistent with 
the above discussions on tangential velocity distribution. 
 
  
(a) S = 0.15                                                                    (b) S = 0.72 
 
A modified Rankine vortex model was adopted to fit the tangential velocity profile 
outside the vortex core at different elevations for two swirl ratios ܵ = 0.15 and 0.72, which 
was also tried by Mishra et al. (2008a), Kuai et al. (2008) and Roueche and Prevatt (2013). 
The tangential velocity profile outside the vortex core can be expressed by the following 
equation: 
ݑ ݑ௠௔௫⁄ = ܾ(ݎ௖ ݎ⁄ )ఈ      (ݎ > ݎ௖), (2.1) 
where ݑ௠௔௫ and ݎ௖ are the maximum tangential velocity and corresponding core radius, 
respectively. ߙ is the decay coefficient of tangential velocity outside the vortex core and is 
equal to 1 for a standard Rankine vortex model. Eq. 2.1 was also adopted by Mishra et al. 
(2008a), Kuai et al. (2008) and Roueche and Prevatt (2013) to curve-fit the decaying 
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Fig. 2.5 Variation of core radius with height 
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profile. Fig. 2.6 shows the fitted curves for the tangential velocity profile over smooth and 
rough surfaces at elevation ݖ = 15 mm for two swirl ratios. As the intention of curve-fit 
was to find the tangential velocity decay rate outside the core, more effort was paid to the 
best fitting of the decay rate ߙ, which led the parameter ܾ not exactly equal to 1. It can be 
found that, at this lower elevation, ߙ  decreases under rough surface conditions, which 
indicates that the tangential velocity reduces gradually over a rough surface. The lower 
decay coefficient over a rough surface implies that a larger area may be damaged due to 
slow reduction of strong tangential velocity. However, the variation of decay coefficient 
with roughness density is not consistent for the two swirl ratios. The decay coefficient ߙ 
of the radial profile of tangential velocity varies with height as illustrated in Fig. 2.7. Under 
smooth surface conditions, ߙ  first decreases with height to the peak value and then 
increases, which was also found by Mishra et al. (2008a). The values of ߙ are in the range 
of 0.5 to 1, which is consistent with field measurements and CFD results, which also 
scattered in the range from 0.5 to 1.0 (Lee and Wurman, 2005; Wurman and Alexander, 
2005; Kuai et al., 2008; Metzger and Weiss, 2010). Under rough surface conditions, the 
values of ߙ for elevations of ݖ ݎ௢⁄  ≤ 0.2 are smaller than those under smooth surfaces for 
both swirl ratios and become greater at higher elevations, although the dependence of ߙ 
with roughness density is not clear. The radial tangential velocity distribution, i.e., 
horizontal tangential velocity shear, was subject to the combined effects of surface 
roughness, height and swirl ratio. Thus, it is difficult to obtain an empirical formula on the 
relation between decay coefficient and roughness for unstable tornado-like vortices for 
engineering applications.  
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(a) S = 0.15                                            (b) S = 0.72 
 
 
    (a) S = 0.15                                              (b) S = 0.72 
 
The vertical profiles of tangential velocity at three radial locations (ݎ ݎ௢⁄  = 0.04, 0.28 
and 0.6) for swirl ratios ܵ = 0.15 and 0.72 are presented in Fig. 2.8. The values of ݎ ݎ௢⁄  = 
0.04 and 0.6 generally correspond to locations near the tornado core center (ݎ ݎ௖⁄  = 0) and 
outside of the tornado radius (| ݎ ݎ௖|⁄  > 1) for both swirl ratios, while the value of ݎ ݎ௢⁄  = 
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Fig. 2.6 Tangential velocity distribution fitted with a modified Rankine combined vortex model
Fig. 2.7 Variation of α with height 
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0.28 corresponds to locations inside or outside the core depending on the relationship 
between core radius ݎ௖  and updraft hole radius ݎ௢  shown in Fig. 2.5. In Fig. 2.8, the 
tangential velocity is normalized by the maximum tangential velocity in the profile at each 
radial location, and the height ݖ is normalized by the updraft hole radius ݎ௢. A synoptic-
type wind velocity profile (
r r
u z
u z
   
 
, u is the velocity at elevation z, and ur is the 
velocity at elevation zr), in which wind speed increases monotonically with height, depicted 
by assuming a positive power law index ߚ = 0.2 and the velocity at ݖ ݎ௢⁄  = 0.4 as the 
reference velocity, is also presented in Fig. 2.8, in order to illustrate the difference between 
the wind velocity profiles for swirling and straight-line flows. Fig. 2.8 shows that the 
tangential velocity increases very quickly from zero on the ground to a maximum value at 
a certain elevation and then also decreases quickly with the increase in height, exhibiting a 
nose-shaped profile inside the vortex core, although the velocity profile outside the vortex 
core approaches to a synoptic-type boundary-layer wind flow. Concerning the effects of 
ground roughness, it is apparent that, compared with smooth surface conditions, the 
location of maximum tangential velocity moves upward under rough surface conditions 
inside the vortex core, which was also found by Matsui and Tamura (2009). The roughness 
effect at ݎ ݎ௢⁄  = 0.6, which is far from the tornado vortex center, is not as significant as 
inside the core, although it can be found that the velocity profile is more deflected under 
rough surface conditions due to larger friction contributions. The behaviors of variation of 
vertical profile with roughness conditions at ݎ ݎ௢⁄  = 0.28 for ܵ = 0.15 and ܵ = 0.72 are 
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different because the vortex core size at ܵ = 0.72 is larger than that at ܵ = 0.15, and the 
location ݎ ݎ௢⁄  = 0.28 is still inside the vortex core at ܵ = 0.72. 
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Fig. 2.8 Vertical profile of tangential velocity at different radial locations 
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2.6.2 Radial and axial velocity profiles 
The variations of radial and axial velocities with surface roughness conditions are shown 
in Fig. 2.9. Positive radial velocity indicates that the flow is moving toward the tornado 
vortex and positive axial velocity denotes upward flow. Both the radial velocity and axial 
velocity are normalized by the maximum tangential velocity ݑ௠௔௫଴  of the whole wind field, 
not the maximum tangential velocity ݑ௠௔௫  at each particular elevation. Concerning the 
effects of roughness, Fig. 2.9 shows that both the radial and axial velocities at lower 
elevations inside the core are greater on a rough surface than that on a smooth surface for 
both swirl ratios. This means that stronger suction exists on a rough surface near the ground 
than on the smooth surface. In addition, when the radial distance ݎ becomes larger, i.e., 
ݎ ݎ௢⁄  = 0.6, the differences between the profile shapes and magnitudes for the data set over 
the three surface conditions are insignificant, although the radial velocity tends to increase 
and the axial velocity tends to decrease under rough surface conditions compared to that 
under smooth surface conditions. The roughness effects on radial and axial velocities 
reduce with radial distance outside the vortex core. The flow patterns based on time-
averaged velocity vectors in the radial-vertical plane under both smooth and rough surface 
conditions at two swirl ratios are illustrated in Fig. 2.10. Note that the plot scale of radial 
velocity relative to axial velocity is 1:5 in Fig. 2.10. Compare the flow patterns obtained 
under smooth surface conditions for the two swirl ratios first. It can be noted in Fig. 2.10 
that at the low swirl ratio of ܵ = 0.15, the inflow moves towards the center axis (ݎ = 0), and 
then turns upward into a draft forming a nominal one-celled vortex. Downward flow can 
be noted in the core, but the downward trend is not apparent and the magnitude of the 
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downward speed is small. On the other hand, at the high swirl ratio of ܵ = 0.72, obvious 
downward flow occurs at the vortex center, indicating the breakdown of the one-celled 
vortex or generation of a two-celled vortex assumed by Haan et al. (2008). In addition, the 
flow shows significant upward components close to the ground (ݖ ݎ௢⁄  < 0.2) and downward 
components at high-elevation planes (ݖ ݎ௢⁄  ≥ 0.2) under rough surface conditions. This 
implies that the vortex generated on a rough surface is not likely to touch down or touch 
the ground. Meanwhile, the vortex breakdown or two-celled vortex at a large swirl ratio 
under smooth surface conditions, symbolized by the obvious near-ground downward flow, 
disappears under rough surface conditions. This leads to the conclusion that roughness 
causes an effect similar to reducing the swirl ratio, which was also found by Leslie (1977), 
Zhang and Sarkar (2008) and Natarajan and Hangan (2012).  
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Fig. 2.9 Vertical profiles of radial and axial velocities
33 
 
 
 (b) S = 0.72 
 
2.6.3 Turbulence characteristics 
Turbulence statistics of three velocity components under different surface conditions 
are investigated to facilitate the understanding of roughness effects on tornado-like swirling 
flows.  Fig. 2.11 compares the radial distributions of standard deviation of tangential 
velocity ݑ௦.ௗ. obtained over rough and smooth surfaces for two swirl ratios at the planes of 
ݖ  = 15 mm and 50 mm, respectively. ݑ௦.ௗ.  is normalized by the maximum tangential 
velocity ݑ௠௔௫ at the respective elevations and the distance ݎ is normalized by ݎ௢. At ݖ = 15 
mm near the ground, ݑ௦.ௗ. presents a M-shaped radial distribution with a low value at the 
tornado core and two peaks near the tornado radius under smooth surface conditions for 
both ܵ = 0.15 and 0.72. However, ݑ௦.ௗ. is increased and presents a maximum value around 
the center of the tornado vortex on rough surfaces for both ܵ = 0.15 and 0.72 at ݖ = 15 mm, 
which is considered as a result of different vortex structures formed near the ground as 
mentioned above, depending on whether roughness blocks exist or not. On the other hand, 
at ݖ = 50 mm, the M-shaped radial distribution remains at both swirl ratios regardless of 
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Fig. 2.10 Time-averaged velocity vector in radial-vertical plane 
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variation of surface conditions, implying that the influence of roughness on the vortex 
structure does not extend to the height ݖ = 50 mm. 
 
 
 Smooth ground  Roughness density=5%  Roughness density=25% 
Fig. 2.11 Profiles of Uts.d. at height z = 15 mm and 50 mm: (a) S = 0.15, z = 15 mm; (b) S = 0.72, z = 15 
mm; (c) S = 0.15, z = 50 mm; (d) S = 0.72, z = 50 mm 
 
 
Fig. 2.12a and b show the variations of vertical profile of  ݑ௦.ௗ. at three radial locations 
(ݎ ݎ௢⁄  = 0.04, 0.28 and 0.6) with surface conditions for two swirl ratios ܵ = 0.15 and ܵ = 
0.72. ݑ௠௔௫଴, which is utilized to normalize ݑ௦.ௗ., is the maximum tangential velocity in the 
whole wind field, rather than the maximum tangential velocity at the individual velocity 
profiles at different elevations. The same ݑ௠௔௫଴  is adopted to normalize the standard 
deviations of radial velocity ݒ௦.ௗ.  and axial velocity ݓ௦.ௗ.  later in order to illustrate the 
magnitudes of velocity fluctuations in the wind field. At lower elevations, the values of 
ݑ௦.ௗ. around the centre of the tornado vortex core (ݎ ݎ௢⁄  = 0.04) on a rough surface is larger 
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than that on the smooth surface for both low swirl ratio ܵ = 0.15 and high swirl ratio ܵ = 
0.72. This implies that the flow inside the core is more turbulent on a rough surface than 
on a smooth surface near the ground. At ݎ ݎ௢⁄  = 0.28, ݑ௦.ௗ. ݑ௠௔⁄  over a rough surface is 
smaller near the ground and becomes larger at elevations higher than that over a smooth 
surface. At ݎ ݎ௢⁄   = 0.6, which is outside the vortex core, the variation between smooth and 
rough surfaces is small. In addition, with increasing elevation, the variation of ݑ௦.ௗ. 
between smooth and rough surfaces becomes relatively small, indicating that roughness 
has less influence on the velocity fluctuation at high elevations. 
The variations of vertical profiles of ݒ௦.ௗ. and ݓ௦.ௗ. are calculated and presented in Fig. 
2.12c to f, respectively. The reference velocity used to normalize ݒ௦.ௗ. and ݓ௦.ௗ. is the same 
as that used to normalize ݑ௦.ௗ.. It can be found that, inside the vortex core, the values of 
radial component ݒ௦.ௗ. ݑ௠௔௫଴⁄  and axial component ݓ௦.ௗ. ݑ௠௔௫଴⁄  for rough surfaces are 
greater than or close to those for smooth surfaces at lower or higher elevations, 
respectively, which is similar to the tangential component. The variations of turbulence 
statistics of the three velocity components lead to the conclusion that roughness elements 
make the flow more turbulent around the vortex center. Meanwhile, the profiles of 
ݒ௦.ௗ. ݑ௠௔௫଴⁄  and ݓ௦.ௗ. ݑ௠௔௫଴⁄  on rough surfaces at ݎ ݎ௢⁄  = 0.6 approach those on a smooth 
surface, indicating that the roughness effects are reduced with increasing radial distance 
from the core center. However, the dependence of normalized ݒ௦.ௗ. and ݓ௦.ௗ. with height 
and swirl ratio at ݎ ݎ௢⁄  = 0.28 are not consistent due to the complicated vortex structure near 
the vortex radius. 
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Smooth ground Roughness density=5% Roughness density=25% 
Fig. 2.12 Variations of vertical profiles of us.d., vs.d. and ws.d. with roughness conditions at two swirl ratios 
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2.7 Pressure Drop Accompanying a Tornado  
The drop in atmospheric pressure in a tornado is an important phenomenon that need to 
be considered when determining the tornado loading on a structure.  The additional suction 
due to the pressure drop, in addition to the pressure/suction caused by wind speed, may 
cause added damages to the structure.  Fig. 2.13 shows the variation of radial distribution 
of pressure with ground roughness at two elevations above the ground (ݖ = 15 mm and 50 
mm) for two swirl ratios (ܵ = 0.15 and 0.72). The reference pressure was taken far from 
the simulator. The pressure drop which is the difference between the local pressure and 
reference atmospheric pressure is presented due to the fact that the pressure deficit is more 
applicable and effective in the structural wind-resistance design, although the full gas 
pressure is always positive. For the following discussions on pressure drop distribution, 
only the magnitude of pressure drop is discussed with neglecting the negative sign. A 
significant pressure drop occurs at the tornado-like vortex center. Compare the pressure 
distributions at ݖ = 15 mm and ݖ = 50 mm for smooth surface condition for two swirl ratios 
first. The pressure distribution inside the vortex core at ݖ = 15 mm is flatter at ܵ = 0.72 
than that at ܵ = 0.15, although the pressure distributions are similar at ݖ = 50 mm despite 
the difference in magnitude of the peak pressure drop. The flat pressure distribution at ݖ = 
15 mm for ܵ = 0.72 is due to the vortex breakdown mentioned previously. Concerning the 
roughness effect, the pressure gradient is steeper on a rough surface and possesses a larger 
magnitude of pressure drop on a rough surface than on smooth surface. The upward motion 
in the central axis over rough surface, as depicted in Fig. 2.10, helps to sustain a lower 
pressure in the core. The larger magnitude of pressure drop for rough surface conditions at 
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the vortex core is in accord with the result for accelerated flow. In addition, at elevation ݖ 
= 50 mm, the difference between the pressures on the smooth and rough surfaces is small, 
which also agrees with the results of mean and fluctuating velocity components shown 
above. 
 
 
 
Fig. 2.14 compares the radial distribution of pressure obtained at ݖ = 15 mm and 50 mm 
for swirl ratio ܵ = 0.72 with the observations of the Manchester tornado (Lee at al., 2004)， 
which is a typical tornado observation due to the limited database of tornadoes. The 
distance to the vortex core center is normalized by the core radius ݎ௖ while the pressure is 
normalized by ௠ܲ௜௡, which is the absolute peak pressure drop at the plane of ݖ =15 mm 
and 50 mm, respectively. The normalized pressure distributions at ݖ  = 15 mm varies 
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Fig. 2.13 Variation of radial distribution of pressure drop with ground roughness 
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obviously with roughness compared with that at ݖ  = 50 mm where a nearly unified 
distribution is obtained. The pressure of the Manchester tornado was measured by an 
HITPR probe deployed on the ground when it passed through Manchester, South Dakota, 
on June 24, 2003 (Lee at al., 2004). As shown in Fig. 2.14, the pressure of the Manchester 
tornado exhibits a more rapid pressure drop and recovery than the experimental data of the 
present study. The difference between the real tornado data and the experimental results is 
likely attributed to the translation of the real tornado not considered in the simulated 
stationary tornado wind fields. 
 
     
      (a) z = 10 mm                                 (b) z= 50 mm 
Fig. 2.14 Radial profile of normalized pressure drop at swirl ratio S = 0.72 
 
Fig. 2.15 shows the vertical profile of peak pressure drop obtained under smooth and 
rough surface conditions for two swirl ratios. At low elevations (i.e., ݖ ݎ௢⁄  < 0.2), the 
magnitude of pressure drop on the rough surfaces is higher (i.e., more negative) than that 
on the smooth surface due to the accelerated wind at elevations near the ground. However, 
at horizontal planes ݖ ݎ௢⁄  ≥ 0.2, the magnitude of pressure drop on the rough surfaces is 
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lower than that on the smooth surface for both swirl ratios. The pressure is highly 
influenced by roughness at elevations of ݖ ݎ௢⁄  < 0.2. 
 
 
(a) S = 0.15                                              (b) S = 0.72 
Fig. 2.15 Profile of peak pressure drop along the height for two swirl ratios 
 
2.8 Conclusions 
The dependence of flow characteristics of tornado-like vortices on ground roughness 
has been investigated by measuring three-dimensional wind velocity and wind pressure of 
stationary tornado-like vortices developed over different ground roughness at different 
swirl ratios. Generally, the tangential, radial and axial velocity components near the ground 
under rough surface conditions increase inside the vortex core and decreases outside the 
core compared with those under smooth surface conditions, although discrepancies exist 
on the radial velocity component. Meanwhile, the elevation of peak tangential velocity 
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moves to a higher position under rough surface conditions. The radial distribution of 
normalized tangential velocity outside the vortex core over a rough surface decays at a 
slower rate at low elevations and at a faster rate at high elevations than that over a smooth 
surface. The vortex core radius at lower elevations decreases under rough surface 
conditions compared with that under smooth surface condition. In addition, the peak 
pressure drop under rough surface conditions is more significant than that under smooth 
surface condition at low elevations. However, the results imply that the variations of vortex 
radius and tangential velocity with roughness are dependent on the vortex-generating 
mechanism, which indicates the need for further studies on the appropriate modelling of a 
tornado-like vortex.  
The velocity vector in the radial-vertical plane indicates that roughness produces an 
effect similar to reducing the swirl ratio or decreasing Reynolds number. The roughness 
effects are generally restricted to lower elevations, by modifying the vortex structure near 
the ground that is dependent mainly on swirl ratio. The multiple variables phenomenon 
makes an explicit quantitative description of the relation between flow statistics and 
roughness density difficult. Finally, it should be noted that I did not consider the 
translational motion of a real tornado that would enhance the unsteady and transient 
features of flow field.  
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  TORNADO-COOLING TOWER INTERACTIONS 
3.1 Introduction 
Cooling towers are important components of power plants, in particular in nuclear power 
plants.  The wind-resistant performance of cooling tower has attracted increasing attention 
because the tall and slender shape of cooling towers making them vulnerable to wind 
damages. The probability of a tornado impacting a cooling tower was deemed to be very 
low; such event occurred in 1978 at Grand Gulf, Mississippi (Gould and Guedelhoefer, 
1989) when an EF-2 tornado struck the cooling tower of the Grand Gulf power plant. Thus, 
wind resistant design of cooling towers is becoming more important than ever. Although 
comprehensive wind tunnel tests have been carried out to study wind loads on an isolated 
cooling tower or interference effects on wind loads of a tower group (Ruscheweyh, 1975; 
Niemann, 1980; Bartoli et al., 1992; Zhao and Ge, 2010), those studies considered only 
conventional boundary-layer strong winds. However, it is well known that tornadoes have 
significant swirling effects with vertical and radial velocity components that are quite 
different than those of conventional straight-line boundary-layer winds. Although a cooling 
tower has been designed to withstand a EF1-EF2 tornado with respect to wind speed alone, 
the characteristics of wind pressures acting on a cooling tower in a swirling tornado wind, 
as well as their differences from those in straight-line winds should be understood in order 
to achieve safer wind-resistant design. Hence, in order to safely design a cooling tower in 
a tornado-prone region, there is a need to experimentally investigate the wind load 
characteristics of a cooling tower exposed to a tornado using tornado vortex simulator.   
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In the present study, several stationary tornado-like vortices with different swirl ratios 
and vortex core sizes were modeled in a tornado vortex generator, in which the external 
and internal surface pressures acting on a cooling tower model were measured at a series 
of locations relative to the tornado core. Although tornado-induced internal pressures of a 
cooling tower are generally not a serious point, pressure measurements were performed on 
both external and internal surfaces of the cooling tower because the shape of a cooling 
tower is close to a thin-wall circular cylinder, which has many engineering applications 
and could be worth investigation. In this paper, the flow features of tornado-like vortices 
are presented first, followed by a detailed description of the characteristics of tornado-
induced wind pressures on a cooling tower. The effects of swirl ratio and distance between 
the cooling tower and the tornado center on the pressure distribution around the cooling 
tower are discussed. In addition, the tornado-induced wind pressures are compared with 
those in boundary-layer straight-line winds, in order to enhance understanding of tornado-
structure interaction. Additionally, the translation effects of tornado vortices on wind 
pressure distribution on cooling tower were also considered. 
3.2 Experimental Setup 
Fig. 3.1 shows the cooling tower model, whose height is 143.3mm. The radius of the 
throat part of the model is about 33.3mm, and the largest radius is 52.7mm. The radius of 
the model is a little smaller than that of the tornado core. The model is fitted with a total of 
72 pressure taps distributed evenly over 2 surfaces (external and internal) at three layers at 
different heights. On each layer, the angle between two adjacent pressure taps is 30o. In 
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addition, 168 pressure taps are distributed over the simulator floor to capture the wind 
pressures acting on the floor. 
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In order to understand the stationary tornado-like vortex field itself, the three-
dimensional velocities and pressures were measured without the cooling tower model on 
seven horizontal planes at different heights (z = 25 mm, 50 mm, 75 mm, 100 mm, 143 mm, 
150 mm and 200 mm above the ground floor) and five swirl ratios (S = 0.11, 0.18, 0.26, 
0.37 and 0.54), when the inflow height h was set at 400 mm, which was different with the 
experimental setup in Chapter Two. The TFI Cobra probe with a 4-hole head 2.6 mm in 
diameter and a 30 mm long by 2 mm-diameter shaft as described in Chapter Two was used 
for the measurement. In addition, to illustrate the flow characteristics of a translating 
tornado vortex, the tangential velocity and pressure drop when a tornado is moving from 
Fig. 3.1 Cooling tower model and layout of pressure taps on it 
β=30
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the left side to the right side of the empty simulator without the model placed inside with 
different translation speeds um = 0.04 m/s, 0.12 m/s and 0.2 m/s, are measured at a fixed 
point of height z = 25 mm for S = 0.54.  
Scaling parameter for modeling the translational motion is a key issue when 
investigating the effects of translational motion. In the present study, the velocity scaling 
proposed by Haan et al. (2008), in which the duration of tornado wind load on a structure 
as the scaling parameter to be maintained was proposed, was adopted because the tornado 
effects on structures were of interest. Based on this proposal, if the length ratio ߣ௅ of the 
cooling tower is 1/500, the translational velocity ratio ߣ௏்  must be equal to 1/500 in order 
to make the translational time ratio ߣ்  equal to unity. The three selected translational 
velocities, i.e. um = 0.04 m/s, 0.12 m/s and 0.2 m/s, correspond to translational velocities 
of 20 m/s, 60 m/s and 100 m/s (if the length ratio is assumed to be 1/500), which covers 
the range from the typical tornado translation speed of 23 m/s (Haan et al., 2008) to the 
approximate maximum translational velocity of 70 m/s (Ji et al., 2003). Here the length 
ratio 1/500 was assumed just to explain the meaning of translation velocity. The transitional 
velocity of the tornado-like vortex was too low to reproduce the overshoot phenomenon of 
transient aerodynamic forces acting on a structure (Matsumoto et al., 2007). The tornado-
like vortex radius available in the simulator varies from 5 cm to 11 cm while the core radius 
of real tornados in China is approximately 20-50 meters, so a range of scale ratio of core 
radius between a model tornado and a design tornado in 1/200 - 1/1000 is necessary. By 
comparing the wind pressures on a cooling tower caused by translating tornadoes at 
different translational velocities with the quasi-steady pressure data created by stationary 
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tornadoes located in different radial distances to the cooling tower, the effects of 
translational motion on wind pressures can be featured. 
The wind pressures at all pressure taps on the model surfaces were simultaneously 
measured by a multi-channel pressure-measuring system. The sampled frequency was 300 
Hz. The atmospheric pressure far away from the vortex core was selected as the reference 
pressure for all pressure measurements. The pressure measurements were carried out for 
five swirl ratios (S = 0.11, 0.18, 0.26, 0.37 and 0.54) and seventeen radial cooling-tower 
locations with r/ro = 0, ±0.04, ±0.12, ±0.2, ±0.28, ±0.36, ±0.52, ±0.68 and ±0.84, where r 
is the distance between the tornado core center and the cooling tower center as shown in 
Fig. 3.2. The Reynolds number of the model test is defined as Re=umaxh×D/v, where umaxh 
is the maximum tangential velocity at the model height without the cooling tower model, 
D is the diameter of the throat part of the model and υ is the kinematic viscosity. The 
maximum tangential velocity at the model height varies with swirl ratio, so the Reynolds 
number increases from 3.45×104 to 4.49×104 when the swirl ratio increases from 0.11 to 
0.54. 
 
r/rch=0 r/rch≈1
Tornado
r
rc
Tornado
Cooling towerrc
X
Y
X
Y
r/rch>1
Cooling tower
r
rc
Tornado
X
Y
1-1
 
49 
 
 
Y
X
pressure tap No.7
pressure tap No.1
pressure tap No.10 pressure tap No.4
1-1 view
r
Cooling tower
Tornado
 
 
3.3 Definition of Pressure and Force Coefficients 
In the conventional boundary layer model tests, the external and internal wind pressure 
coefficients of a cooling tower are usually defined as in Eq. 3.1 and Eq. 3.2, respectively 
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where Pe(t) and Pi(t) are the local pressures acting on the external and internal cooling 
tower surfaces, respectively. P∞ is the static pressure upstream of the tower, which is the 
reference pressure used to calculate the pressure coefficient. ρ is the density of air, and uref 
is the reference velocity upstream of the tower at the tower height. When calculating the 
tornado-induced wind pressure coefficients of a cooling tower, there are several options to 
select the reference velocity uref and the reference pressure P∞. Although the maximum 
horizontal velocity can be adopted as the reference velocity (Mishra et al., 2008b), the 
maximum tangential velocity at the model height umaxh, measured without the cooling tower 
Fig. 3.2 Illustration of model position relative to tornado vortex
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model is defined as the reference velocity in the present study as in many other studies 
(Haan et al., 2008; Sabareesh et al., 2009). The reference pressure cannot be defined as in 
the conventional boundary layer experiments because the flow is swirling in a tornado. 
Both Haan et al. (2008) and Sabareesh et al. (2012) selected the atmospheric pressure far 
away from the vortex core as the reference pressure. Mishra et al. (2008b) selected the 
mean static pressure on the ground surface in the vicinity of an elemental area as the 
reference pressure. In the present study, the pressure coefficient is calculated by adopting 
the two options of reference pressure mentioned above. The pressure coefficient is 
basically calculated by considering the atmospheric pressure far away from the tornado as 
the reference. However, when the pressure coefficient is compared with those obtained by 
conventional boundary layer test results, the static pressure accompanying the tornado at 
the point where the cooling tower was to be placed is chosen as the reference. The 
difference between Mishra et al. (2008b) and the present study is the height used to define 
the static pressure and the reference velocity. However, as shown in Fig. 3.6a, the difference 
between the pressures on the ground and at the model height is very small. 
In addition, the aerodynamic force coefficients are calculated using the following 
equations: 
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where FX and FY are the total wind forces estimated by integrating the surface pressures 
acting on the cooling tower model along the X and Y directions (the directions of X and Y 
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are defined in Fig. 3.2), AX and AY are the projected areas of the cooling tower model in the 
X and Y directions and the maximum tangential velocity at the model height without the 
model is utilized as the reference velocity umaxh. 
3.4 Tornado-like Flow 
3.4.1 Stationary tornado-like flow 
Different with the experimental setup in Chapter Two, the swirl ratio in this chapter is 
different with that in Chapter Two. Therefore, the flow structures and characteristics was 
firstly discussed. A tornado features two regions: an inner core and an outer region. In the 
inner region, the tangential velocity increases with distance from the vortex center. After 
reaching a peak value at the vortex core radius, the tangential velocity component reduces. 
Fig. 3.3a presents the radial profile of tangential velocity at model height for five swirl 
ratios (S = 0.11, 0.18, 0.26, 0.37 and 0.54). It can be found that both the core radius rc and 
the maximum tangential velocity umax increase with increase in swirl ratio. Fig. 3.3b 
compares the radial distribution of normalized tangential velocity with those of radar 
observation and other experimental data (Haan et al., 2008), where the tangential velocity 
u and the radial distance r from the center of tornado core are normalized by the maximum 
tangential velocity umax and core radius rc, respectively. Note that the height from the 
ground of the data set of the present study in Fig. 3.3b is different from that of Haan et al. 
(2008). The data set of the present study is for the tower model height, corresponding to z 
= 2.04rc, 1.59rc and 1.3rc for S = 0.11, 0.26 and 0.54, respectively, while that of Haan et 
al. (2008) is for the height of z = 0.52rc. It should be noted also that the definition of swirl 
ratio in the present study is different from that in Haan et al. (2008), as mentioned earlier. 
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The swirl ratio of So = 0.08, 0.24 and 1.14 of Haan et al. (2008) corresponds to the swirl 
ratio of S = 0.27, 0.7 and 1.41, respectively. Although the velocity profiles of the present 
study and Haan et al. (2008) deviate from each other in Fig. 3.3 due to the differences of 
swirl ratio and elevation, it can be concluded that the tornado-like vortices generated in the 
present study possess the general velocity features of a real tornado. The variations of core 
radius rc with height for five investigated swirl ratios are presented in Fig. 3.4, where rc 
and z are normalized using the radius of the updraft hole ro. Fig. 3.4 shows that rc increases 
with increase of height z and swirl ratio, which can also be observed in Fig. 3.3a.  
 
 
(a) Normalized by ro (ro = 250mm)                                    (b) Normalized by rc 
 
The vertical profile of wind velocity is a very important factor in determining wind loads 
on a structure. Fig. 3.5 presents the vertical profile of mean tangential velocity at three 
radial locations, r/ro = 0.28, 0.52, and 0.84, where the cooling tower model was to be placed 
for pressure measurement later. The data at three swirl ratios 0.11, 0.26 and 0.54 are shown 
as examples. The height z is normalized by ro. It can be found that the tangential velocity 
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increases with swirl ratio at each given radial distance r/ro. When r/ro = 0.28, the maximum 
tangential velocity exists at a lower height for three swirl ratios. However, when r/ro = 0.52, 
the maximum tangential velocity at S = 0.11 appears at a higher elevation than that at S = 
0.26 and 0.54. When r/ro = 0.84, the profile of the tangential velocity for three swirl ratios 
is similar to that of the boundary-layer wind flow.  
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    (a) At model height and ground level          (b) Comparisons with model and experimental data 
 
The atmospheric pressure field around a tornado was also measured. The reference 
pressure was taken far away from the simulator. Fig. 3.6a shows the pressure distributions 
at the cooling tower model height and on the ground for three swirl ratios. There exists a 
high suction regime at the center of the vortex core, which may cause damage to structures. 
It can be seen that neither the pressure magnitude nor the pressure distribution exhibits 
significant differences between the two levels. However, the pressure drop increases with 
increase in swirl ratio. It is noteworthy that, although the pressure drop accompanying the 
tornado increases with swirl ratio, the increase at a higher swirl ratio is not as significant 
as that at smaller swirl ratio because the vortex structure tended to transit from a single-
celled vortex to a two-celled vortex at a high swirl ratio, which was also found by Haan et 
al. (2008). The pressure profile measured at the ground floor is normalized in this study 
and the comparison is shown in Fig. 3.6b. The tendency of the surface pressure profile data 
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from the present tornado vortex simulator fits reasonably well with the data of the Rankine 
model. 
3.4.2 Translating tornado-like flow 
During the passage of a tornado, the edges of the tornado vortex core pass through the 
measurement point twice and cause two peaks in the time history of tangential velocity, 
while a pressure drop occurs during this process. Fig. 3.7a and b depict respectively the 
distribution of tangential velocity and wind pressure coefficient with distance from the 
center of the tornado vortex to the Cobra Probe normalized by the radius of the tornado 
core rc. Note the velocity used to calculate pressure coefficient and the core radius used to 
normalize radial distance are those obtained at z = 25 mm from the stationary tornado-like 
vortex cases shown in Fig. 3.3. The quasi-steady results of tangential velocity and pressure 
drop, which are averaged in 90 seconds with sampling frequency 300 Hz, obtained at 
different distances from the stationary tornado are shown together for comparison. Note 
that the tangential velocity changes direction when the tornado moves from the left side 
with a negative r to the right side with a positive r. Therefore, the tangential velocity shown 
in Fig. 3.7a is the absolute value of tangential velocity measured by two Cobra Probes. It 
should be noted that the velocity and pressure shown in Fig. 3.7 are of one-run 
measurement. Fig. 3.7 shows that the distributions of velocity and pressure of a stationary 
tornado are almost symmetric with respect to the tornado center with a maximum velocity 
near the edges and minimum pressure near the tornado center. However, for a translating 
tornado, they both deviate from the quasi-steady values. It is a matter of course that the 
maximum instantaneous values of velocity and pressure drop in translating tornadoes are 
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greater than the time-averaged values. However, it is interesting to note that there is a time 
shift between them, which indicates that a translating tornado creates a maximum 
tangential velocity and pressure drop before the tornado simulator’s downdraft duct reaches 
the model. This shift relates directly to the results of tornado-induced loads and is a serious 
concern. It is discussed later together with the tornado-induced loads. 
 
 
(a) Distribution of tangential velocity  (b) Distribution of pressure drop 
 
3.5 Stationary Tornado Effects on Cooling Tower 
3.5.1 Tornado wind pressures on cooling tower 
This section first presents the pressure distributions around the cooling tower separately 
according to the relative locations, i.e. the distance between the cooling tower center and 
the tornado core center, and then discusses the variation of pressure characteristics with 
distance. The pressure measurements are conducted at seventeen radial locations, r/ro  = 0 
and |r/ro| = 0.04, 0.12, 0.2, 0.28, 0.36, 0.52, 0.68 and 0.84, which can be classified as the 
cooling tower located at the tornado center (r/rch = 0), near the tornado core radius (|r/rch| 
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≈ 1) and outside the tornado (|r/rch| > 1), as shown in Fig. 3.2. As the coordinate origin is 
set at the center of the model, the negative or positive value of r indicates respectively that 
the tornado vortex center is at the left or right side of the model center (Fig. 3.2). Note that 
rc varies with swirl ratio and height as shown in Fig. 3.4. For example, rc/ro equals 0.28, 
0.3, 0.32, 0.4 and 0.44 at the model height, respectively, for swirl ratio S = 0.11, 0.18, 0.26, 
0.37 and 0.54. In addition, the variations of pressure coefficients at pressure taps No. 1, 4, 
7 and 10 with swirl ratio and distance r are checked particularly, because pressure taps 
No.1 and 7 are near the base point or stagnation point in the swirling flow depending on 
the relative location between tornado and cooling tower, and pressure taps No.4 and 10 are 
close to the separation points. 
Fig. 3.8 shows the distribution of external mean pressure coefficients Cpe and internal 
mean pressure coefficients Cpi at three layers with different heights and for five swirl ratios 
at r/ro = 0, which means the tornado is directly on the top of the cooling tower. Obviously, 
Fig. 3.8 shows that both the external and internal pressure coefficients are negative due to 
the pressure drop accompanying the tornado. It is interesting to find that the pressure 
coefficient is not constant around the surface, especially on the external surface. It is 
reasonable to suppose that the pressure coefficient must remain almost constant around the 
tower if the tornado vortex is really standing stably over the tower. The pressure 
measurement was repeated by changing the experiment setup several times, but similar 
results were obtained. The results imply that the tornado is not standing vertically over the 
cooling tower. The tail-end of the tornado tilts to one side of the cooling tower, which 
makes the pressures vary with the locations of the pressure taps and exhibit aerodynamic 
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behavior. With respect to the aerodynamic behavior, Fig. 3.8 shows that pressure tap No.6 
plays the role of stagnation point and exhibits the highest pressure around the tower. 
However, the pressure distribution is not completely symmetric with respect to pressure 
tap No.6. The pressure decreases from pressure tap No.6 to pressure tap No.9 or No.10 and 
then recovers a little until pressure tap No.12 (base point) at all investigated swirl ratios. 
However, the pressure changes more significantly with pressure tap location when the swirl 
ratio is smaller, implying that the flow-structure interaction contributes more to the wind 
pressure at small swirl ratio. A tornado with high swirl ratio tends to be able to maintain 
its posture during the process of tornado-structure interaction, so the tornado core becomes 
closer to the model center and reduces the aerodynamic effect. Comparison of the 
magnitude of the pressure coefficient at pressure tap No.6 and No.9 or No.10 shows that 
the pressure drop accompanying the tornado dominates the pressure coefficient magnitudes 
compared to pressure variations due to wind-structure interaction. Meanwhile, the pressure 
coefficient increases with the swirl ratio; in other words, the pressure coefficient becomes 
less negative with increase in swirl ratio. Note that both u and the absolute pressure drop 
accompanying the tornado increase with increase in swirl ratio as shown in Fig. 3.3a and Fig. 
3.6a and contribute together to decide the magnitude of the pressure coefficient. In addition, 
the pressure coefficient distributions at three heights are similar. Compared with the 
external pressure coefficient, the fluctuation of the internal pressure coefficient is small 
around the tower, although it recovers with increase in swirl ratio. 
Fig. 3.9 and Fig. 3.10 show the distribution of mean pressure coefficients on the external 
and internal surfaces of the cooling tower at three layers and five swirl ratios at r/ro = 0.28 
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and 0.52, respectively. When r/ro = 0.28, r/rch = 1.00, 0.93, 0.88, 0.70 and 0.64 for the five 
swirl ratios, corresponding to the situation where the cooling tower center is located inside 
the tornado core or near the core radius. When r/ro = 0.52, r/rch = 1.86, 1.73, 1.63, 1.3 and 
1.18 for the five swirl ratios, corresponding to the situation where the cooling tower center 
is just outside but not very far away from the tornado core. Obviously both the external and 
internal pressure coefficients are negative due to the pressure drop accompanying the 
tornado at the two locations. Pressure tap No.7 plays the role of stagnation point and 
exhibits the highest pressure around the cylinder at both r/ro = 0.28 and r/ro = 0.52. The 
pressure coefficient decreases from pressure tap No.7 to pressure tap No.10 or No.11 and 
then recovers a little until pressure tap No.1 (base point) at all swirl ratios. Note that the 
pressure coefficients at the stagnation point (pressure tap No. 7) when r/ro = 0.28 and 0.52 
are not as negative as that at r/ro = 0, while the pressure differences between the stagnation 
point (pressure tap No.7) and the rough separation point (pressure tap No.10 or 11) are 
more significant than that at r/ro = 0. This means that the contribution to the pressure 
distribution of the aerodynamic effects increases while the contribution of the pressure drop 
accompanying the tornado decreases when the tornado moves away from the center of the 
cooling tower. The external pressure coefficient increases with increase in swirl ratio at 
r/ro = 0.28 as at r/ro = 0. Conversely, the external pressure coefficient decreases with 
increase in swirl ratio at r/ro = 0.52. In addition, it is interesting to find that the internal 
pressure coefficient increases with increase in swirl ratio at r/ro = 0.28 as at r/ro = 0, but 
decreases at r/ro = 0.52, which is similar to the tendency of the external pressure 
coefficients with swirl ratio. 
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  Fig. 3.11 shows the distribution of mean pressure coefficients on the external and 
internal surfaces of the cooling tower at r/ro = 0.84, which corresponds to r/rch = 3, 2.8, 
2.63, 2.1 and 1.91, respectively, for the five investigated swirl ratios. The tower center is 
located outside and a little away from the tornado core center. The external pressure 
coefficient decreases with increase in swirl ratio, which is similar to that at r/ro = 0.52 
shown above. Pressure tap No.7 plays the role of stagnation point and exhibits the highest 
pressure around the cylinder. The pressure decreases from pressure tap No.7 to pressure 
tap No.10 and then recovers a little until pressure tap No.1 (base point) at all swirl ratios, 
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similar to that at r/ro = 0.52. The internal pressure coefficient decreases with increase in 
swirl ratio, which is similar to that at r/ro = 0.52 (outside of the tornado vortex core), but 
opposite to those at r/ro = 0 and 0.28 (inside and near the tornado core radius). 
 
 
 
 Fig. 3.12a-d shows more clearly the variation of mean external pressure coefficients at 
pressure taps No. 1, 4, 7, and 10 on the middle layer of the cooling tower with swirl ratio, 
respectively at r/ro = 0, 0.28, 0.52 and 0.84. The maximum and minimum external mean 
pressure coefficients Cpemax and Cpemin, of the 12 pressure taps around the middle layer of 
the tower are shown together, because the values of pressure coefficient at pressure taps 
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No.1, 4, 7and 10 do not necessarily have the highest or lowest values around the circle due 
to the complicated flow-structure interaction. Fig. 3.12 shows that the maximum values 
always coincide with those at the supposed stagnation points, except at r/ro = 0 where the 
location of the stagnation point is somewhat random. Fig. 3.12a and b show that the 
maximum and minimum mean pressure coefficients and those at four specified pressure 
taps increase with swirl ratio when the cooling tower model is located inside and near the 
vortex core where r/ro = 0, and 0.28. However, when r/ro = 0.52 and 0.84 (outside the vortex 
core), the mean pressure coefficients decrease with swirl ratio, i.e., the pressure coefficients 
become more negative, as shown in Fig. 3.12c and d. Note again that the magnitude of the 
pressure coefficient is decided by the reference velocity in addition to the surface pressure, 
as mentioned before.  
Fig. 3.13 shows the variations of maximum and minimum external pressure coefficients, 
Cpemax and Cpemin, around the cooling tower at the middle layer at distance r. Three swirl 
ratios, i.e. the smallest (S = 0.11), the middle (S = 0.26) and the largest (S = 0.54) among 
the five investigated cases are shown. The pressure drop accompanying the tornado at the 
model height without the cooling tower model and the values estimated from the Rankine 
model are shown together for comparison, where the pressure drop is calculated as -2.0 in 
the Rankine model. With increasing distance from the tornado, the maximum and 
minimum pressure coefficients recover gradually. However, the maximum pressure 
coefficient remains negative over a wide range of r/rch. It is also shown that the pressure 
coefficients on the cooling tower model are different in magnitude than those of the 
Rankine vortex model and that without the cooling tower model due to the aerodynamic 
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interaction between the tower model and the tornadic wind, although the similarity of 
pressure coefficient distribution implies a high probability of making an empirical model 
to express the pressure coefficient based on the Rankine model. In addition, it is interesting 
that the minimum pressure coefficients are almost constant between -1 < r/rch < 1 when S 
= 0.11, but exhibit a W shape distribution when S = 0.54, with the minimum pressure 
coefficient existing at about r/rch = 0.8. The double-core vortex structure is considered to 
be responsible for this phenomenon. 
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  Fig. 3.14 shows the variation of internal pressure coefficients with distance, which is 
averaged from twelve Cpi values at the middle layer. It can be found that the tendency of 
variation of Cpi with distance is quite similar to the Rankine Vortex model. The averaged 
internal mean pressure coefficient changed slightly between -1 < r/rch < 1 for three swirl 
ratios. 
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Fig. 3.14 Variation of internal pressure coefficients with model location 
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3.5.2 Tornado wind force on cooling tower 
The mean total force coefficients, CFX and CFY, which are important in the design of a 
structure, are also compared. The coordinates defining the directions of X and Y are shown 
in Fig. 3.2. CFX and CFY correspond to the radial and tangential force components, 
respectively. Because the pressure distribution is not uniform around the cooling tower at 
r/rch = 0, especially when the swirl ratio is small as shown in Fig. 3.8, CFX is not zero at 
r/rch = 0 when S = 0.11. CFX varied from negative to positive for swirl ratios of 0.18, 0.26, 
0.37 and 0.54, illustrating that the radial wind force acts toward the vortex core center. 
Meanwhile, it is a matter of course that CFY changes from positive to negative, indicating 
that tangential wind force acts along the tangential wind direction. Fig. 3.15 also reveals 
clearly that the two components of aerodynamic force acting on the model increase with 
increase in distance from the tornado-like vortex center and reach peak values around 
ݎ/ݎ௖௛ = ±1. In addition, it can be noticed that the positive and negative peak values of CFX 
and CFY corresponding to ݎ/ݎ௖௛ = ±1 are not equal. This inequality is mainly caused by 
the increased uncertainty of structure-tornado interaction within |ݎ/ݎ௖௛| < 1 . When 
|ݎ/ݎ௖௛| < 1, the stagnation point is not necessarily at the pressure tap No.7 (when ݎ/ݎ௖௛ =
±1) or No.1 (when ݎ/ݎ௖௛ = ±1), and the shift of stagnation point shows some uncertainty. 
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3.5.3 Comparisons with conventional boundary-layer wind 
The characteristics of wind pressure acting on the cooling tower in tornado-like vortices 
are compared with those obtained in straight-line boundary-layer-type winds. The 
experiment in boundary-layer-type winds was conducted on a pressure model of the same 
shape as that used for the experiment in tornado-like winds but with a different scale ratio, 
by assuming the mean velocity profile of oncoming straight-line wind has an exponent 
index of 0.15. In addition, the distribution of wind pressure coefficients in tornado-like 
vortices are also compared with those specified for straight-line winds by several major 
national codes, for example, DL/T 5339-2006(China), BS 4485-4:1996 (British) and VGR-
R 610Ue:2005 (Germany). It should be noted that the pressure coefficients in the codes are 
defined by utilizing the velocity at the pressure tap height as the reference velocity, and the 
results of wind tunnel tests are obtained by using the velocity at the model height as the 
reference velocity. 
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 Fig. 3.16 and Fig. 3.17 compare respectively the external and internal pressure 
distributions around the cooling tower in tornado-like vortices, straight-line winds and 
codes, in which the X coordinate indicates the angle from the stagnation point where the 
pressure coefficient is maximum. Only the results obtained at S = 0.54 are presented for 
the tornado-like flow as an example. The data of pressure coefficients Cpe and Cpi in Fig. 
3.16a and Fig. 3.17a are the same as those in Fig. 3.8-Fig. 3.11, but Fig. 3.16a and Fig. 
3.17a display the data by setting the X coordinate starting from the stagnation point. Fig. 
3.16a shows that although all Cpe values are negative in tornado-like winds, the distribution 
of Cpe around the tower is analogous to that in straight-line winds. The pressure coefficients 
are re-calculated by defining the pressure drop accompanying the tornado-like winds at the 
point where the cooling tower is located as reference pressure, and their values symbolized 
as CpeT and CpiT are displayed in Fig. 3.16b and Fig. 3.17b. It is obvious in Fig. 3.16b that 
the wind pressure around the cooling tower exhibits typical distributions induced by flow-
structure interaction, such that the windward face experiences positive pressures whereas 
the leeward faces experiences negative pressures. Fig. 3.16b provides a hint on how to 
estimate the tornado-induced wind pressures from the individual effects of aerodynamics 
and pressure drops, which will be a research focus of our future study. Fig. 3.17a and b 
show that the internal surface pressures are slightly changed with pressure tap number in 
the tornado-induced wind and the tendency is similar to that in the boundary-layer wind. 
When r/ro = 0, CpiT is close to zero, indicating that the negative pressure drop accompanying 
the tornado greatly contributes to the pressures acting on the internal surface of the cooling 
tower model.  
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The cross-correlation coefficient of the external pressures gives an indication of the 
relation between pressures at different locations of the structure model. It has been shown 
by some past studies that the spatial correlation of pressure acting on a structure is higher 
in transient winds than in conventional boundary layer winds (Butler et al., 2010). Fig. 
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Fig. 3.16 Comparisons of external pressure coefficients of middle layer
Fig. 3.17 Comparisons of internal pressure coefficients of middle layer 
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3.18a compares the horizontal cross-correlation coefficients at the middle layer height of 
the cooling tower model in the tornado-like flow at four different radial locations, r/ro = 0, 
0.28, 0.52 and 0.84, with those in boundary-layer flow. The stagnation point was chosen 
as the reference point to determine the horizontal correlation coefficients. Fig. 3.18a shows 
that the pressure exhibits stronger horizontal correlation when the cooling tower is located 
inside the tornado than that caused by the boundary-layer wind. On the other hand, Fig. 
3.18b gives the vertical cross-correlation coefficients also at four different radial locations, 
in which the correlation at pressure taps No.1, 4, 7 and 10 are shown because the locations 
of these pressure taps generally correspond to the characteristic points related to the vortex 
shedding behavior, as mentioned before. The pressures at the corresponding locations at 
the highest layer are selected as the reference points to calculate the vertical correlation. It 
can be found in Fig. 3.18b that the correlation caused by a tornado is higher than that caused 
by straight-line wind at the base point (pressure tap No.1) and pressure tap No.10 at all 
radial locations. The correlation at the stagnation point remains higher if the cooling tower 
is located inside the tornado where r/ro = 0 and 0.28, but decreases with distance and even 
becomes smaller than that in straight-line winds. 
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(a) Cross-correlation coefficients at middle layer  
 
 
(b) Cross-correlation coefficients for meridian line 
0 60 120 180 240 300 360-1
0
1
2
 r/ro=0
 r/ro=0.28
 r/ro=0.52
 r/ro=0.84
 Boundary-layer wind
Angle(o)
C
ro
ss
-c
or
re
la
tio
n 
co
ef
fic
ie
nt
s
20 30 40 50 60 70 800
0.5
1
1.5
2
 r/ro=0
 r/ro=0.28
 r/ro=0.52
 r/ro=0.84
 Boundary-layer wind
No.1
C
ro
ss
-c
or
re
la
tio
n 
co
ef
fic
ie
nt
s
hc/ho(%)
20 30 40 50 60 70 800
0.5
1
1.5
2
 r/ro=0
 r/ro=0.28
 r/ro=0.52
 r/ro=0.84
 Boundary-layer wind
No.4
hc/ho(%)
C
ro
ss
-c
or
re
la
tio
n 
co
ef
fic
ie
nt
s
20 30 40 50 60 70 800
0.5
1
1.5
2
C
ro
ss
-c
or
re
la
tio
n 
co
ef
fic
ie
nt
s
hc/ho(%)
No.7 r/ro=0
 r/ro=0.28
 r/ro=0.52
 r/ro=0.84
 Boundary-layer wind
20 30 40 50 60 70 800
0.5
1
1.5
2
 r/ro=0
 r/ro=0.28
 r/ro=0.52
 r/ro=0.84
 Boundary-layer wind
No.10
C
ro
ss
-c
or
re
la
tio
n 
co
ef
fic
ie
nt
s
hc/ho(%)
Fig. 3.18 Cross-correlation coefficients between external pressures
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3.6 Translating Tornado Effects on Cooling Tower 
3.6.1 Translating tornado wind pressures on cooling tower 
The cooling tower model was located in a fixed position and the tornado translated from 
the left side to the right side of the model with three translation speeds of 0.04 m/s, 0.12 
m/s and 0.2 m/s. It should be noted that the reference velocity used to calculate the pressure 
coefficients acting on the cooling tower model is identical for translating and stationary 
tornadoes, so the variation of pressure coefficient with translation speed reflects the 
magnitude of the pressure acting on the surface of cooling tower. In addition, each 
laboratory case of tornado translation corresponds to an average of five identical runs with 
a sampling frequency of 300 Hz, while the averaging time for the stationary tornadoes is 
60 seconds with a sampling frequency of 300 Hz. 
A cooling tower exposed to a tornado experiences the combined effects of pressure 
drop accompanying the tornado and aerodynamic flow-structure interaction (Cao et al. 
2015). Pressure taps 1 and 7 (see Fig. 3.1) are generally the stagnation point or base point 
depending on whether the tornado is on the left or right side of the cooling tower center, 
while pressure taps 4 and 10 are near the separation point in a stationary tornado vortex. 
Due to this aerodynamic feature, pressure taps 1, 4, 7 and 10 are selected as representative 
points to describe the effect of translational motion on wind pressure. 
Fig. 3.19 shows the external Cpe of pressure taps 1, 4, 7 and 10 on the middle layer of 
the cooling tower model at swirl ratio S = 0.11. The pressure information at the same 
pressure taps at swirl ratio S = 0.54 is shown in Fig. 3.20. The flat portions of the signal 
(for large negative or positive values of r/rch) in Fig. 3.19 and Fig. 3.20 correspond to the 
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time when the tornado simulator’s downdraft duct has not reached the model. It is shown 
in Fig. 3.19 and Fig. 3.20 that the external pressure acting on the cooling tower decreases 
dramatically when the tornado moves to a location close to the cooling tower, although the 
magnitude and gradient of these pressure drops depend on the pressure tap locations. These 
figures also show differences between the pressure coefficients of the translating and 
stationary tornadoes with respect to the magnitude of peak pressure and the timing for the 
peak pressure to appear. Fig. 3.19 and Fig. 3.20 show that the peak pressure generally 
decreases slightly with increase in translational velocity. However, the decrease in peak 
pressure is smaller at high swirl ratio S = 0.54. An interesting finding is that the peak 
pressure appears before the tornado simulator’s downdraft duct reaches the model, which 
is consistent with what happened to the wind velocity shown in Fig. 3.7, but conflict with 
the results of Sarkar et al. (2006) and Haan et al. (2010), in which the peak pressure was 
reported to appear after the tornado simulator’s downdraft duct reached the model, and this 
time lag was reasonably assumed as a result of ground friction force that tilted the tornado 
by retarding its movement near the ground. Because the mechanism of generating a 
swirling flow of our tornado simulator is fundamentally the same as that of Iowa State 
University, the difference in peak pressure shown above was a serious concern. The 
diameter of a tornado core available in our simulator is about one third that of the simulator 
at Iowa State University, and our simulator is located in the center of a closed room with 
floor dimensions of 6.4 m × 6.0 m, while the simulator of Iowa State University is placed 
in a relatively open space. During the experiment, the moving velocity of the tornado 
simulator’s downdraft duct was confirmed to be constant within -10 < r/rch < 10 after initial 
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acceleration from rest. The result in which the peak pressure occurs before the simulator’s 
downdraft duct reaches the model was also noted when the moving direction of the 
simulator was changed to from right to left, implying there is no asymmetry in the facility 
itself that may lead this result. Preliminary flow visualization shows that the ground flow 
in front of the simulator’s downdraft duct, where the flow starts to swirl from nearly rest, 
swirls more distinctly and forms a swirling front behind which the flow is more turbulent 
due to flow mixing. This is considered as one of possible reasons for the time shift of peak 
pressure. Another possible reason is related to the phenomenon of vortex wander (Hu et 
al., 2011; Zhang and Sarkar, 2012), in which the simultaneous tornado-like vortex center 
may deviates significantly from the facility center. In the present study, the size of the 
tornado core is of the same order as that of the model size, so a little vortex wander may 
change the timing of peak pressure, leading to a result different from Haan et al. (2010). 
The vortex wander contributes together with large aspect ratio and blockage ratio 
significantly to flow-structure interaction. Therefore, it is considered reasonable to 
conclude that the peak pressure does not necessarily appear after the tornado for the present 
particular experimental case. 
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Fig. 3.19 Pressure coefficient at representative pressure taps for S = 0.11
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Fig. 3.21 and Fig. 3.22 show the variations of minimum external pressure coefficients 
ܥ௣௘௠௜௡ and maximum external pressure coefficients ܥ௣௘௠௔௫ among 12 pressure taps on the 
middle layer with distance to the cooling tower model, respectively, for S = 0.11 and 0.54. 
The results of minimum and maximum pressure coefficients in stationary tornadoes are 
shown together for comparison. The differences between the stationary and translating 
tornadoes are qualitatively similar to those in Fig. 3.19 and Fig. 3.20 for a single particular 
pressure tap. It is interesting to note that the maximum external ܥ௣௘௠௔௫  remains negative 
during the tornado’s passage due to the pressure drop accompanying it, as shown in Fig. 
3.21b and Fig. 3.22b. The decrease in pressure due to translational motion at high swirl 
ratio S = 0.54 is not as significant as that at low swirl ratio S = 0.11. In addition, the distance 
shift (or time shift) of peak pressure caused by the translating tornado vortex is reduced at 
high swirl ratio S = 0.54 compared with that at S = 0.11. 
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Fig. 3.20 Pressure coefficient at representative pressure taps for S = 0.54
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(a) Minimum pressure coefficients                (b) Maximum pressure coefficients 
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Fig. 3.21 Distribution of maximum and minimum external pressure coefficients around middle layer at S = 
0.11 
Fig. 3.22 Distribution of maximum and minimum external pressure coefficients around middle layer at S = 
0.54 
Fig. 3.23 Averaged internal pressure coefficients at middle layer 
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Fig. 3.23 a and b show the distribution of internal pressure coefficients ܥ௣௜௠௘௔௡ 
averaged among the 12 pressure taps on the middle layer with distance to the cooling tower 
model for S = 0.11 and 0.54, respectively. The results obtained for quasi-steady stationary 
tornadoes are shown together. The variation in magnitude of peak internal pressure 
coefficients with translational velocity is small, although the time shift of peak internal 
pressure exists, as for external pressures. The influence of translational velocity on the 
magnitude of internal pressure can be neglected. 
3.6.2 Translating tornado wind force on cooling towers 
The integral of wind forces acting on the cooling tower model along the radial (X) and 
tangential directions (Y) when the tornado passes through the cooling tower model are 
calculated. Fig. 3.24 and Fig. 3.25 show the variation of tornado-induced force coefficients 
CFY and CFX with distance to the cooling tower model at different translational velocities, 
respectively, for S = 0.11 and 0.54, and the force coefficients CFY  and CFX caused by 
stationary tornadoes are compared. By comparing the magnitudes of CFY different 
translation speeds (um = 0.04 m/s, 0.12 m/s, 0.2 m/s) with that of a stationary tornado, it 
can be found that the peak force coefficient decreases slightly with translational velocity, 
at the two swirl ratios. It can also be found in Fig. 3.25b that the peak force coefficient CFX 
increases with translational velocity first and then decreases. In addition, it is interesting to 
find that the translational motion has larger effects on the magnitude of CFX than that of 
CFY. The changes of wind force direction of CFY  and CFX as shown in Fig. 3.24 and Fig. 
3.25 are a result of swirling effect, indicating that the translating tornado follows the 
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patterns of tangential velocity and radial velocity, respectively, which is similar to the result 
for a stationary tornado (Cao et al., 2015).  
 
 
(a) S = 0.11                                                        (b) S = 0.54 
 
 
(a) S = 0.11                                                              (b) S = 0.54 
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Fig. 3.24 Effects of translational velocity on tornado-induced force coefficient FYC  
Fig. 3.25 Effects of translational velocity on tornado-induced force coefficient FXC  
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3.6.3 Cross-correlation coefficients of surface pressures 
Correlations of wind pressure along the height and depth of the cooling tower are 
calculated for translating and stationary tornadoes in order to enhance the understanding of 
the effects of translational motion. Because the wind pressure on the cooling tower caused 
by a translating tornado exhibits non-stationary features that require different techniques 
beyond traditional stationary analysis schemes, a short-term correlation analysis using a 
moving window of 0.1s is performed to uncover the short-term behavior of wind pressure, 
while the traditional analysis approach is applied to both stationary and translating 
tornadoes. 
Fig. 3.26a and b compare the cross-correlation coefficients of pressure taps of 
stationary and translating tornadoes along the middle layer and the height, respectively, 
which are obtained by traditional correlation calculation. Only the results for the swirl ratio 
of S = 0.54 are shown as examples because the results for S = 0.11 are very similar. For the 
translating tornadoes, the correlation is calculated for the time histories of pressure data 
obtained when the tornado moves from r/rch = -10.0 to 10.0, while it is obtained at three 
quasi-steady locations r/rch =0, 0.64 and 1.18 for the stationary tornadoes. The three 
locations (r/rch = 0, 0.64 and 1.18) indicate that the cooling tower is located inside and 
outside the tornado-like vortex, respectively. For both stationary and translating tornadoes, 
pressure tap 1 shown in Fig. 3.1 on the middle layer is selected as the reference point when 
calculating the correlations along the middle layer shown in Fig. 3.26a.  The correlation 
along the height shown in Fig. 3.26b is obtained among the same circumferential positions 
as pressure tap 1, assuming the pressure tap on the high layer as the reference point. Both 
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Fig. 3.26a and b show that the correlations along the depth and the height of the translating 
tornadoes are obviously larger than those of stationary tornadoes, although they decrease 
when the calculation point leaves the reference point. In addition, the effects of 
translational velocity on the cross-correlation coefficient are very small. The pressure 
acting on the cooling tower experiences combined effects of pressure drop and flow-
structure interactions. When calculating the correlation for translating tornadoes between 
r/rch = -10.0 to 10.0, the surface pressures around the cooling tower show a similar trend of 
variation of large pressure drop accompanying the tornado, resulting in a high correlation. 
           
 
(a) Along middle layer                           (b) Along model height 
 
A short-term running-window (0.1s) correlation analysis using a moving window to 
delete the effects of pressure variation trend was performed (Butler et al., 2010). The 
running-window correlation between the external wind pressures at pressure taps 1 and 7 
on the horizontal middle layer, which correspond to the stagnation point or base point, 
obtained at different translation speeds is presented in Fig. 3.27a. The running-window 
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Fig. 3.26 Comparison of cross-correlation coefficients between translating and stationary tornadoes
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correlation along the vertical direction calculated at the locations of pressure tap 1 between 
the high layer and the middle layer is shown in Fig. 3.27b. The thick line denotes averaged 
time-varying running-window correlation coefficients from five samples. The correlation 
in the stationary tornado vortex is shown in Fig. 3.27 for comparison. It can be found that 
running-window correlations in both horizontal and vertical directions basically do not 
present higher values than those of a stationary tornado. This result means that the high 
correlation in translating tornado presented in Fig. 3.26 was caused by the trend in pressure 
change during the tornado’s passage. Meanwhile, no significant change of correlation 
among translation speeds is observed either. 
    
 
(a) Horizontal cross-correlation coefficients 
  
 
(b) Vertical cross-correlation coefficients 
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Fig. 3.27 Variation of horizontal and vertical cross-correlation coefficients with translation velocity
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3.7 Conclusions 
Wind pressures acting on a cooling tower exposed to stationary tornado-like vortices 
are studied using a tornado vortex simulator. The effects of swirl ratio and distance between 
a cooling tower and a stationary tornado on the pressure distribution around a cooling tower 
are studied. Spatial correlation of pressure acting on the cooling tower is also investigated. 
Particular attention is devoted to the difference between the pressure distributions in a 
tornado and those in a conventional boundary-layer type straight-line wind.  
The presented pressure distribution exhibits characteristics that are quite different than 
those in atmospheric boundary layer flows and Design Codes. The pressure drop 
accompanying the tornado dominates the pressure coefficient magnitudes compared to the 
pressure variations due to wind-structure interaction when the cooling tower is located at 
the tornado core center. The pressures acting on the cooling tower exposed to the tornado-
like wind flow may be regarded as the sum of two individual parts: the negative pressure 
drop accompanying the tornado and the aerodynamic force acting on the cooling tower 
model, which will allow empirical engineering models to be established to estimate the 
tornado-induced pressures. 
  The cooling tower experiences maximum wind force when it is located at the tornado 
core radius. The tornado-like flows push the cooling tower model tangentially, and pull it 
toward the vortex core. Both the horizontal and vertical correlation coefficients of pressures 
caused by a tornado-like flow are higher than those in the boundary-layer flow. The results 
show that the tornado-induced wind pressure is significantly different than that in 
85 
 
conventional straight-line winds, and highlight the needs to study tornado-induced wind 
loads on structures. 
The present study has shown that translational motion does not significantly influence 
peak external and internal pressures of a cooling tower, although peak pressures and forces 
decrease slightly with translational velocity. Peak pressure coefficients and peak force 
coefficients do not necessarily appear after a tornado’s passage. Peak pressure and force 
coefficients appear before the tornado reaches the cooling tower and a faster moving vortex 
exhibits a greater shift compared to a slower moving vortex. Translational motion has 
larger effects on the magnitude of CFX than that of CFY. Cross-correlation coefficients along 
the height and horizontal elevation in a translating tornado are greater than that of a 
stationary tornado if the correlation is calculated by the traditional steady analysis method 
that includes the effects of pressure variation trend. However, running-window analysis 
shows that the correlation is actually lower than that of a stationary tornado. 
Finally, it should be noted that, in the present study, the translational motion was 
scaled by making the durations of tornado force on both prototype and model structures 
identical. Different conclusions may be drawn if a different scale ratio is assumed. In 
addition, the aspect ratio of tornado-like vortices and the blockage ratio of cooling tower 
model are high in the present study, which influenced the universality of the results.  
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   TORNADO-LOW-RISE BUILDING INTERACTIONS 
4.1 Introduction 
Several studies have been conducted to understand the effects of tornado-structure 
interaction using tornado vortex simulator (Jischke and Light, 1983; Mishra et al., 2008b; 
Sengupta et al., 2008; Hu et al., 2011; Sabareesh et al., 2013).  These previous research 
found that the pressure drop accompanying a tornado would induce significantly higher 
wind pressures on the building envelope in swirling tornado vortices than in straight-line 
boundary-layer flows. Among various structures, the low-rise buildings are the most 
severely affected by tornadoes because tornadoes often occur in suburban areas with low-
rise residential houses that are vulnerable to tornado damages.  Compared with the vast 
amount of studies on wind loads of strong straight-line winds (Stathopoulos and Saathoff, 
1991; Holmes et al., 1997; Pierre et al., 2005), only scant body of knowledge exists for 
tornado-induced wind forces on low-rise buildings. Furthermore, these past studies mainly 
considered the external pressures acting on enclosed building models (Mishra et al., 2008b; 
Haan et al., 2010; Sabareesh et al., 2013).  
The opening on walls may influence the internal pressure of a building more 
significantly in a tornado than in a straight-line wind due to the additional pressure drop 
accompanying the tornado. Several studies were recently carried out to study the 
characteristics of external and internal pressures on a building model in a tornado vortex. 
Sarkar and Kikitsu (2009) conducted an experimental study on tornado-induced wind loads 
on a low-rise building with openings, and found that the internal pressures depend on the 
87 
 
extent of natural leakage of building as well as the azimuth of dominant openings on the 
walls. Thampi et al. (2011) studied the characteristics of internal pressures by using the 
tornado vortex simulator in Iowa State University. They found that the internal pressure is 
a function of porosity and opening position. Thampi et al. (2011) concluded that the modes 
of failure vary with different building opening configurations. Sabareesh et al. (2013) 
conducted internal pressure measurements considering small opening leakage holes around 
the building walls and a single central opening hole at the windward wall of tangential 
velocity. They reported that mean internal pressure coefficients obtained when the building 
model with a single central opening (opening ratio of 3.9% of wall surface) located within 
the vortex core were 1.2 times those with multiple small leakage holes (opening ratio of 
0.1%), and this behavior reversed when the building model was outside the vortex core. 
The above results have highlighted the importance to study external and internal pressures 
on a building with openings exposed to tornado-like vortices. The characteristics of wind 
pressures acting on a low-rise building in a swirling tornado wind as well as their 
differences from those in straight-line winds are still not well understood. Further research 
into this subject matter is necessary in order to achieve safer wind-resistant design for low-
rise buildings.   
The current building codes (e.g. ASCE 7 in the U.S. and GB 50009 in China) have 
provisions for determining the wind pressures due to boundary-layer winds, namely, under 
straight-line and hurricane wind events, for structural design purpose. Currently. There are 
no guidelines to assist structural engineers in determining the design wind pressures for 
tornadoes. A tornado not only affects structures in its direct path, many buildings at the 
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fringe of the tornado path may experience significant damages. The wind pressures on a 
building located at or outside of the core of a tornado are similar to that of boundary-layer 
winds if the pressure drop is ignored. Therefore, there is a need to study whether the wind 
design provisions in current building codes may be modified and adapted to consider the 
tornado loading due to a non-direct hit scenario.  
    The objective of this research was to study the characteristics of wind pressures on a 
cubic building model exposed to stationary tornado-like vortices. The wind pressures were 
measured on both external and internal surfaces of the building model placed at several 
locations with different distances to the tornado core. Different opening configurations 
with three opening ratios and two azimuths of large opening were considered for the cubic 
building model used in the tornado simulator experiments. The effects of opening ratio, 
single central opening azimuth and radial distance between the building model and 
tornado-like vortex on external and internal wind pressure distributions were analysed. 
Particular attentions were paid to the aerodynamic features of the cubic model in tornado-
like flows as well as the quantification of the differences between the pressure coefficients 
measured in tornado flows and the pressure coefficients under boundary-layer flows 
prescribe in the U.S. and Chinese building codes, namely, ASCE 7-10 and GB 50009-2012.  
4.2 Experimental Setup 
The experimental study was conducted by using a tornado vortex simulator constructed 
at Tongji University, China as shown in Fig. 2.1. The tornado wind filed was the same as 
in Chapter Two. A 50-mm cubic building model machined with small leakage holes and 
one large opening hole illustrated in Fig. 4.1a was tested under four opening configurations 
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summarized in Table 4.1. Case 1 and Case 2 represent the small leakage hole cases of 
different opening ratios, which is defined as the ratio of total leakage area to total wall area 
(Oh et al. 2007). The porosity of a typical nominally sealed, engineered building envelope 
ranges from 10-4 to 10-3 (Ginger et al., 1977). Therefore, opening ratios γ = 0.05% (Case 1) 
and 0.1% (Case 2) were selected. Case 3a and Case 3b represents large single central 
opening cases with different azimuths of opening with respect to the oncoming wind 
direction. These test cases with a large opening are intended to represent a breach of 
building envelope due to wind-borne debris. Sarkar and Kikitsu (2009) studied the single 
opening hole γ = 3.3% with leakage holes and Sabaresh et al. (2013) selected γ = 3.9% 
with enclosed leakage holes to study the single opening situation. In the present study, γ = 
4% was adopted for single opening situations. Sarkar and Kikitsu (2009) found that the 
roof experienced highest wind loads when the opening was on the windward wall with 
respect to the tangential velocity. Note that, according to the Chinese building code GB 
50009-2012, the most unfavorable internal pressure due to boundary-layer winds in the 
design is for the case where one or more large openings exist on the side walls in a building. 
To examine the worst case scenario speculated in the Chinese Building Code, two different 
azimuths of opening with the opening hole located on the wall parallel or normal to the 
tangential velocity were considered in this study, and the change in the opening azimuth 
angle was realized by rotating the model 90 degrees in the experiment.   
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Case No. Opening ratio (γ) Description 
Case 1 0.05% 
Only small leakage holes  
Case 2 0.1% 
Case 3a 
4% 
Large opening hole on Wall A (closed leakage holes) 
Case 3b Large opening hole on Wall B (closed leakage holes) 
 
     
(a) Low-rise building model        
 
 
(b) 3D view of low-rise building 
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Fig. 4.1 Low-rise building model and pressure taps layout
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There are 25 pressure taps distributed uniformly on each external wall and roof surface 
as shown in Fig. 4.1b and c. Internal pressures were simultaneously measured at 24 
pressure taps distributed evenly inside the model. The internal volume scale was considered 
by placing a volume chamber beneath the simulator floor, satisfying the modeling 
requirement, 
23
VLvol                                                             (4.1) 
where vol , L and V are volumetric, length and velocity scales, respectively (Holmes, 
1978; Oh et al., 2007). The determination of geometric scale is based on the ratio of the 
simulated tornado vortex core radius to the real tornado core radius. The simulated core 
radius in the current experimental setup is 110 mm for swirl ratio S = 0.72 (or So = 0.9). 
The core radius of a typical tornado in China ranges from 20 m to 50 m, so the 
corresponding scale ratio L  (ratio of modelled tornado to real tornado core radius) ranges 
from 1/500 to 1/200. Thus, a geometric scale of 1/300 was selected for the experiments. 
The cubic building in full scale is 15 m × 15 m × 15 m, which corresponds to a typical 
small factory or plant. The velocity scale is the ratio of maximum tangential velocity in the 
simulated tornado-like vortex to the wind speed of a real tornado. A scale of 1 / 6L   was 
used in this study corresponding to an EF3 tornado. It should be noted that the blockage 
ratio (6.6%) of the building model used in this study is larger than the measurement (0.06%) 
in Sarkar and Kikitsu (2009). A real tornado in China usually has a diameter that is in the 
same order of magnitude of the plan dimensions (length or width) of a small building. 
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4.3 Definition of Pressure and Force Coefficients 
    Pressure drop coefficient in the tornado-like vortex without the building model is defined 
in Eq. 4.2: 
20.5
j
p
max
P P
C
u

 
                                                       (4.2) 
where Pj - P∞ is pressure drop in which Pj is the local air pressure at point j and P∞ is 
reference atmospheric pressure far from the tornado-like vortex. ρ is the density of air and 
umax is the maximum mean tangential velocity at the elevation of point j. 
    The external and internal wind pressure coefficients of a building model are defined in 
Eqs. 4.3 and 4.4, respectively, which is the same with cooling tower model, 
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                                                   (4.4)                                        
where Pe and Pi are the local pressures acting on the external and internal model surfaces, 
respectively. The reference atmospheric pressure P∞ is taken far from the simulator, unless 
otherwise specified, ρ is the density of air, and umaxh is the maximum mean tangential 
velocity at model height z = 50 mm obtained without the model in the simulator. The wind 
force coefficients are calculated using the following equations: 
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where FX, FY and FZ are the total wind forces estimated by integrating the surface pressures 
acting on the model along the X, Y and Z directions, defined with the origin at the building 
model center as shown in Fig. 4.1d. AX, AY and AZ are the projected areas of the model in 
the X, Y and Z directions and the same umaxh adopted in the external and internal pressure 
coefficient calculations is utilized as the reference velocity. 
4.4 Tornado-building Interactions 
    The tangential velocity component accounts the most for the total velocity, indicating 
the horizontal resultant velocity is tending toward the tangential direction. It should be 
mentioned that the anticlockwise swirling direction is observed in this study. The tornado 
wind filed was the same with that discussed in Chapter Two, without considering the 
roughness effects. Therefore, it will not be spent to re-discuss the tornado-like flows here.   
4.4.1 Wind pressure distribution on the building model 
Fig. 4.2a, b and c compare the mean pressure coefficients Cpe on external surfaces for 
four opening configurations, at three radial locations / chr r = 0, 1 and 1.55, respectively. 
The three radial locations represent the building model is located at the vortex center, at 
the vortex core radius and outside the vortex core. Fig. 4.3 shows the pressure coefficient 
contours on the building external surfaces of Case 1 at the same radial distances as those 
results presented in Fig. 4.2. The pressure data at seven other radial locations were also 
recorded in this study. Similar pressure distribution patterns are observed for the other 
radial locations. Note that the core radius rch at model height was used to normalize the 
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radial distance. In general, as shown in Fig. 4.2, the differences between the results of the 
four opening configurations (i.e. Cases 1 to 3b) are not obvious and may be considered 
negligible, which were also reported by Sarkar and Kikitsu (2009) and Thampi et al (2011). 
As stated in the previous discussion, the resultant horizontal oncoming wind direction is 
mainly parallel to the tangential direction, indicating that Walls B and D can be reasonably 
considered as windward and leeward walls, respectively, even though the wind attack 
angles are not precisely normal to these walls. Correspondingly, Walls A and C can be 
regarded as side walls. Fig. 4.2a shows that, when the model was located at the center of 
vortex ( / 0chr r  ), all the four walls and roof surface experience high negative pressures 
due to the static pressure drop accompanying the tornado. Cpe decreases from pressure taps 
No. 1, 6, 11, 16 and 21 (on trailing edge) to No. 5, 10, 15, 20 and 25 (on leading edge) on 
Wall C, which was also observed in Fig. 4.3a, due to the vortex separation on the leading 
edge (with pressure taps No. 5, 10, 15, 20 and 25) produced by the anticlockwise swirling 
flow. Similar findings are also observed on the other three walls (Wall A, B and D). On the 
roof surface, four corners experience higher negative pressures when compared to the 
center of the roof. The observed pressure distribution indicates the occurrence of flow-
structure aerodynamic interaction. When the model is located at the core radius ( / chr r = 
1), high negative pressures on the external surfaces are found as shown in Fig. 4.2b, due to 
the negative pressure drop accompanying a tornado coupled with high swirling wind speed. 
Besides, Wall B (windward wall) shows higher wind pressures when compared to Wall D 
(leeward wall) as shown in Fig. 4.2b, due to the resultant horizontal oncoming wind. At 
/ 1.55chr r   (i.e. outside the vortex core), pressure distributions are similar to that of the 
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model located at core radius ( / 1chr r  ). These observations indicate the combined effects 
of static pressure drop accompanying a tornado and flow-structure aerodynamic interaction 
determine the final wind pressures acting on the external surfaces.  
 
 
(a) r/rch = 0 
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C
D
Case 3a 
Case 3b 
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(b) r/rch = 1 
 
 
(c) r/rch = 1.55 
Fig. 4.2 External wind pressure coefficients at walls and roof
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 (c)  r/rch = 1.55 
 
Fig. 4.4 presents the spatially-averaged value of mean pressure coefficients on the 
external surface of the roof with respect to radial distance between the building model and 
tornado vortex center. It clearly shows effect of opening configuration on external roof 
pressures is negligible. Additionally, the most unfavorable pressure coefficients occur 
slightly inside the core radius (i.e. / chr r  equal to or slightly less than 1). Both the wind 
pressures on a particular building surface and spatially-averaged value of mean pressures 
on roof confirm the negligible effects of opening ratio on external pressure distribution.  
 
Fig. 4.3 Contour of mean pressure coefficients on external surfaces (Case 1)
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Fig. 4.5a to c show the internal pressure coefficients Cpi at different radial locations with 
respect to pressure taps. It can be clearly seen that the variations of internal pressure 
coefficients along the height (elevation) and circumference are insignificant. The same 
results were observed in the standard deviation of internal pressure coefficients Cpistd shown 
in Fig. 4.5d to f, indicating the internal pressure can be regarded as uniformly distributed 
on the internal surfaces. Fig. 4.6 presents the effects of radial distance on the mean internal 
pressure coefficients Cpimean and mean standard deviation of internal pressure coefficients 
Cpistdm. It should be noted that both Cpimean and Cpistdm in Fig. 4.6a and b are the spatially 
averaged values of 24 internal pressure taps. Negative internal pressures are observed for 
all models with different opening configurations when these models are located at the 
vortex center (r/rch = 0). This shows that when a tornado is directly on top a building, the 
negative ambient pressure drop due to the tornado vortex dominates the internal pressure 
and only a small leakage hole on the building envelope can result in significant pressure 
drop in the building interior.  It can be seen from Fig. 4.6 that opening ratio and opening 
C
pe
Fig. 4.4 Spatially-averaged mean pressure coefficient on roof 
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azimuth have significant influences on internal pressure coefficients. On the contrary, 
opening ratio and opening azimuth have negligible effects on external pressure coefficients 
(see Fig. 4.2 and Fig. 4.4). At the vortex center (r/rch = 0), the magnitude of the negative 
internal pressure coefficient is directly proportional to the opening ratio (Fig. 4.6a). This 
phenomenon was also observed by others (Sarkar and Kikitsu, 2009; Thampi et al., 2011; 
Sabareesh et al., 2013). For the two cases with the same opening ratio (see Fig. 4.1d Cases 
3a and 3b γ = 4%), it can be seen that when the model is located at the vortex center, the 
internal pressures are effectively the same regardless of the orientation of the opening (Case 
3a opening on the sidewall vs. Case 3b opening on the windward wall). For the two cases 
with relatively small amount of uniform leakages throughout the model (Case 1 =0.05% 
and Case 2 =0.1%), the magnitude of negative internal pressure of the model with a larger 
leakage ratio (Case 2) is consistently larger than that of the case with a smaller leakage 
ratio (Case 1), and the magnitude of negative internal pressure reduces as the radial distance 
increases (Fig. 4.6a). As the vortex center moves further away from the building model (i.e. 
increasing r/rch value in Fig. 4.6a), the internal pressure of the model with its opening on 
the windward wall (Case 3b) increases more rapidly when compared to the model with its 
opening on the side wall (Case 3a). This observation also matches the findings by Sarkar 
and Kikitsu (2009). One possible reason for the rapid rise of internal pressure when the 
model for Case 3b is placed further away from the tornado vortex center is due to the 
increase in tangential wind that flows directly through the large opening on the windward 
wall (Wall B in Fig. 4.1d) into the internal space of the model which causes the internal 
pressure to increase significantly. Among the all four cases tested, Case 3a with a large 
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opening on Wall A (side wall with main wind direction parallel to the wall) shows the 
highest negative internal pressure; hence it can be concluded that the sidewall opening with 
a high opening ratio would generate the most negative internal pressures. The unfavorable 
value of mean internal pressure coefficient considering all radial distance for Case 3b is 
about 1.59 and 1.26 times that of Case 1 and Case 2, respectively. The observed factors in 
this study were greater than the result of 1.2 observed by Sabareesh et al. (2013), in which 
the opening ratio were smaller (γ = 3.3% and 0.1%) with S = 1.3 than Case 3b (γ = 4.4%) 
this study. Sarkar and Kikitsu (2009) found that the internal pressure coefficient for a large 
opening ratio of 3.3% with its opening on the wall normal to tangential velocity (windward 
wall) was approximately 5.5 and 1.2 times of those in with smaller leakage cases of opening 
ratio γ = 0.04% and 0.13%. It should be noted that the test by Sarkar and Kikitsu (2009) 
had a higher swirl ratio (So = 1.14) when compared to this study.  Fig. 4.6b shows that with 
the increase in opening ratio, the fluctuation of internal pressure is increased and the peak 
fluctuation occurs at the case with a large opening hole on the windward wall at r/rch = 0.5 
(i.e. half the distance of core radius from the center of the vortex).   
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       (a) Cpimean                                                    (b) Cpistdm 
 
4.4.2 Wind force on low-rise building 
Fig. 4.7 summarizes the wind force coefficients on the low-rise building with respect to 
the radial distance between the model and the tornado vortex. CFX and CFY correspond to 
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Fig. 4.5 Variation of internal pressure coefficients with pressure tap (a) ~ (c) Internal pressure coefficients; 
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Fig. 4.6 Wind pressures on the internal surfaces 
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the radial and tangential force components, respectively. CFX is negative for all opening 
ratio cases, indicating that the radial wind force acts toward the vortex core center or the 
building is being pulled toward the vortex core. Positive CFY indicating that tangential wind 
force acts along the tangential wind direction. Fig. 4.7 also reveals clearly that the two 
components of aerodynamic force CFX and CFY acting on the model increase with 
increasing distance from the vortex center and reach peak values around / 1chr r  , which 
was also observed by Haan et al. (2010) and Hu et al. (2011). In addition, it can be found 
that the effects of opening configurations on CFX and CFY are negligible. This can also be 
explained by the results of external wind pressures as shown in Fig. 4.2. In addition, it can 
be noticed that the values of CFX and CFY corresponding to r/rch = 0 are non-zero. This 
inequality is mainly caused by the random motion of vortex wander. In this experiment 
setup, the building model size was in the same order of magnitude as the tornado vortex 
size, which resulted in the interaction between the tornado vortex and building model quite 
complex when the model was inside of the tornado vortex. Fig. 4.7c shows the wind force 
coefficient CFZ (uplift) for different opening configurations at different radial locations 
between the model and tornado vortex. At the vortex center (r/rch = 0), it can be seen that 
with the increase in opening ratio, CFZ is decreased. As the vortex center moves away from 
the building (i.e. r/rch increases), the force coefficient increases and reaches the peak value 
around the core radius and then decreases beyond the core radius (r/rch = 1). Note that the 
variation of uplift force CFZ versus radial distance corresponds to the internal pressure 
distribution shown in Fig. 4.6a, and the similar findings were also observed by Sarkar and 
Kikitsu (2009). Additionally, when the large opening hole is located on the windward wall 
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of tangentially resultant horizontal flow (Case 3b), the highest uplift force is observed, 
which indicates that roof failure due to large suction force is likely. 
 
 
(a) CFX                                   (b) CFY                                    (c) CFZ 
 
4.4.3 Comparison to boundary-layer flow and implication for structural codes 
The aerodynamic effect of tornado-structure interaction was analyzed in this section. 
Fig. 4.8 compares the tornado-induced wind pressures obtained at different radial distances 
with those in boundary-layer winds. In this section, the pressure coefficients on the building 
surfaces are computed using Eq. 4.3; however, the reference pressure (P∞) at each radial 
location and model height is replaced by the local pressure accompanying a tornado vortex 
measured without the building model. The pressure distribution on the centerline of the 
model along the windward wall, roof and leeward wall of tangential inflow component are 
shown in Fig. 4.8, in which Walls B and D are considered as the windward and leeward 
walls. The comparisons are made at five radial locations with that in boundary-layer wind 
tunnel test of Castro and Robins (1977) and full-scale measurement by Richard et al. 
(2001). In the conventional boundary-layer winds, the building model experiences positive 
pressures at the windward wall and negative pressures at the leeward wall. Compared with 
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Fig. 4.7 Wind force coefficients as a function of radial location 
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the characteristics in boundary-layer wind flow, when the model is located at the tornado 
vortex center / 0chr r  , the pressure coefficient along the centerline is near zero but trends 
negative due to the high negative pressure drop accompanying a tornado vortex dominates 
the magnitude of pressure acting on the model which is also observed in Fig. 4.2. When 
the model is moved away from the tornado vortex center, significant aerodynamic 
interaction between the tornado flow and the building model can be observed. At / chr r  = 
0.45, the pressure coefficient acting on the windward Wall B (fore-body) varies from 
positive 0.3 to negative 0.1, and all the pressures on roof and leeward wall are negative. 
When the model is located at the core radius / 1chr r  , the aerodynamic interaction is the 
most distinct and shows nearly the same feature with that in conventional boundary-layer 
wind. Similarly, when the model is located outside of the tornado vortex core, the pressure 
profiles follow that of the boundary-layer wind. Outside of the core radius (r/rch  ≥  1), the 
peak pressure coefficient decreases with radial distance. This is because the tangential wind 
speed reduces as the radial distance increases (see Fig. 2.3). 
The comparisons between the tornado-induced wind pressure and boundary layer wind 
results show the combined effects between the pressure drop accompanying a tornado and 
aerodynamic interactions (see Fig. 4.8) significantly influence the overall tornado wind 
pressures on the building envelopes. As discussed previously, when the building is located 
at or outside of the core radius of a tornado, the tornado induced wind pressures are similar 
to that observed in boundary layer winds (see Fig. 4.8). This shows that the current wind 
provisions in the U.S. and Chinese codes may be modified to consider the wind loads 
exerted by a tornado on buildings located at the fringe of the tornado path.   
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Fig. 4.9 compares the tornado-induced wind pressure coefficients derived based on the 
tests and that computed for main wind force resisting system (MWFRS) using the 
boundary-layer wind provisions of the U.S. and Chinese building codes, namely ASCE 7-
10 and GB 50009-2012. Only the pressure coefficients from Case 1 (γ = 0.05%) are shown 
in Fig. 4.9. Case 1 corresponds to enclosed structures in ASCE 7-10 and GB 50009-2012. 
For comparison purpose, the roof is divided into two roof zones (Zone 1 and Zone 2) in 
ASCE 7-10 and GB 50009-2012 as shown in Fig. 4.9b. One main difference between 
ASCE 7-10 and GB 50009-2012 is GB 50009-2012 employs 10 minutes mean wind speed 
while ASCE 7-10 employs 3-second gust wind speed to calculate the pressure coefficient. 
Fig. 4.8 Comparison with boundary-layer wind
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It should be noted that the wind pressures shown in Fig. 4.9 for the two design codes 
considered are spatially averaged values at respective walls or regions.  
 
 
(a) Wind pressure coefficients on walls  
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(b) Wind pressure coefficients on roof  
 
Table 4.2 compares the tornado-induced wind pressure coefficients with those computed 
from the provisions of ASCE 7-10 and GB 50009-2012. The values obtained in tornado-
like vortices are the most unfavorable values (peak magnitudes) shown in Fig. 4.9 
considering all relative radial distances between the building model and tornado vortex. It 
should be noted that a reduction factor of 0.8 is applied for Zone 1 in ASCE 7-10 as the 
roof area is over which it is applicable. The pressure coefficients computed based on 
building codes show that positive pressures act on the windward wall, and negative 
suctions act on leeward wall and sidewall. However, the pressure coefficients obtained 
from the tornado simulator show negative values for all walls and roof. This is attributed 
to the high negative pressure accompanying a tornado vortex. The tornado-induced wind 
pressures on building surfaces exceed that computed based on boundary-layer wind 
provisions of ASCE 7-10 and GB 50009-2012 by large factors. In Zone 1 of the roof 
Fig. 4.9 Comparisons with ASCE 7-10 and GB 50009-2012 
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surface, which is the leading edge of the roof, the peak tornado-induced wind pressure 
coefficients are approximately 1.94 and 4.67 times that of ASCE 7-10 and GB 50009-2012, 
respectively. In Zone 2 on the roof (i.e. leeward half of the roof), the peak tornado-induced 
wind pressure coefficients are 2.61 and 5.06 times that of ASCE 7-10 and GB 50009-2012, 
respectively. These findings show that gross underestimation of the wind loads induced by 
tornado would result if ones were to directly adopt the boundary-layer wind provisions 
from the building codes for tornado-resistant design. 
 
Location Tornado results 
Cpe3s 
ASCE 7-10 
 
Tornado results 
Cpemean 
GB5009-2012 
 
Windward wall -1.67  0.8 -2.31  0.8 
Side wall -1.74 -0.7 -2.41 -0.7 
Leeward wall -1.78 -0.5 -2.46 -0.5 
Roof 
Zone 1 -2.02 -1.04 -2.80 -0.6 
Zone 2 -1.83 -0.7 -2.53 -0.5 
 
Wind pressures on components and cladding (C&C) on roof are analyzed as well. Three 
local zones descripted in ASCE 7-10 and GB 50009-2012 are shown in Fig. 4.10. Similar 
to the pressure coefficients shown in Fig. 4.9 for MWFRS, only the pressure coefficients 
of Case 1 are presented. Table 4.3 shows the comparisons between the tornado-induced 
wind pressure coefficients and those computed from the C&C provisions of ASCE 7-10 
and GB 50009-2012. The pressure coefficients for tornado wind listed in Table 4.3 are the 
peak pressure coefficients in each zone considering all radial distances between the 
building model and tornado vortex. The peak instantaneous wind pressures reported in this 
Table 4.2 Comparison with codes ASCE 7-10 and GB 50009-2012 on the mean pressure coefficient 
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study correspond to an averaging period of 1 second within a 10-minute window in a real 
(full-scale) tornado. It should be noted that when compared with the GCp in ASCE 7-10, 
the equivalent (GCp)req is derived by using the equation proposed by Pierre et al. (2005).  
For Zone Ra (corner zone, Fig. 4.10), the tornado-induced wind pressures are 
approximately the same as that computed based on the C&C provisions in ASCE 7-10. In 
Zones Rb (roof edge) and Rc (middle of roof), the pressure coefficients induced by tornado 
vortex are 1.54 and 2.31 times of the C&C provisions of ASCE 7-10. The reference values 
given in GB 50009-2012 do not include the gust factor effect. It can be seen from Table 
4.3 that at the corner of roof, the peak pressure coefficient induced by the tornado vortex 
is about 2.18 times the value in the Chinese code GB 50009-2012. The pressure coefficients 
of tornado for Zones Rb and Rc are 2.61 and 3.25 times the provisions of GB 50009-2012, 
respectively. Similar to the pressure coefficients computed for the MWFRS, the wind loads 
induced by tornado winds for component and cladding are generally higher than that based 
on the provisions from the U.S. and Chinese building codes if ones were to use the current 
provisions developed for boundary-layer wind. 
 
Location Tornado Simulator (GCp)req 
ASCE 7-10 
GCp 
Tornado Simulator GB 50009-2012 
Ra -2.57 -2.8 -4.35 -2.0 
Rb -2.78 -1.8 -4.70 -1.8 
Rc -2.31 -1.0 -3.90 -1.2 
 
Table 4.3 Comparison of wind pressures on components and cladding with codes ASCE 7-10 and GB 
50009-2012 
112 
 
L
L/10
L/10
L/10
L
aR bR
L/10
bRbR
bR
cR
aR
aRaR
             
L
L/10
L/4L/4
L
aRbRaR
aR aRbR
cR
L/4
 
(a) ASCE 7-10                                        (b) GB 50009-2012 
   
Fig. 4.11 compares the tornado-induced internal pressure coefficients to that of ASCE 
7-10 and GB 50009-2012. The internal pressure coefficients induced by tornado vortices 
shown in Fig. 4.11 are the spatially average values. For the purpose of comparing to design 
codes, the equivalent internal pressure coefficients (GCpi)req are computed based on Oh et 
al. (2007) and are presented in Table 4.4. The internal pressure coefficients based on the 
provisions in ASCE 7-10 and GB 50009-2012 are ±0.18 and ±0.2, respectively, for 
enclosed structures (Cases 1 and 2). For partially enclosed structures, the design code 
internal pressure increases to ±0.55 in ASCE 7-10 and ±0.4 for structures with single 
opening hole on the side wall or windward wall with an opening ratio between 2% and 
10% in GB 50009-2012. The pressure drop accompanying a tornado vortex contributes the 
most to the internal pressure coefficient when the model was inside the tornado vortex core, 
which makes the internal pressure coefficients significantly higher than the provisions in 
ASCE 7-10 and GB 50009-2012. The ratios between the tornado-induced internal pressure 
Fig. 4.10 Roof zones
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coefficients (GCpi)req and ASCE 7-10 provisions GCpi are 4.72 and 6.0 for Case 1 and Case 
2 (enclosed), respectively. For the large single opening cases, the ratios between the 
internal pressures computed in this study and that of ASCE 7-10 are 2.64 and 2.45 for Case 
3a (opening on side wall) and Case 3b (opening on windward wall), respectively. The peak 
internal pressure coefficients caused by tornadoes for Cases 1 and 2 are about 7.2 and 9.1 
times that based on the provisions of nominally enclosed structures in GB 50009-2012, 
respectively. For Case 3a and 3b (partially enclosed), the ratios of tornado-induced pressure 
coefficient to that based on the provisions in GB 50009-2012 are 6.13 and 5.73, 
respectively. Based on these findings, it can be concluded the internal pressures caused by 
a tornado would be greatly underestimated if ones were to use the provisions from ASCE 
7-10 and GB 50009-2012 for tornado-resistant design. 
 
     
(a) Comparison with ASCE 7-10                   (b) Comparison with GB 50009-2012 
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Fig. 4.11 Comparison of internal pressure coefficients with structural codes
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Location Tornado Simulator 
(GCpi)req 
ASCE 7-10 
GCpi 
Tornado Simulator GB5009-2012 
Case 1 -0.85 +0.18,  -0.18 -1.44 +0.2,  -0.2 
Case 2 -1.08 +0.18,  -0.18 -1.82 +0.2,  -0.2 
Case 3a -1.45 +0.55,  -0.55 -2.45 +0.4,  -0.4 
Case 3b -1.35 +0.55,  -0.55 -2.29 +0.4,  -0.4 
 
4.5 Conclusions 
The interaction between tornado and a cubic-shape low-rise building was studied using 
a tornado vortex simulator. Wind pressures acting on both the external and internal surfaces 
around the model with four opening configurations were measured. The aerodynamic 
interactions between tornado and structure were explicitly considered and studied. The 
conclusions can be summarized as below: 
    The combined effects of pressure drop accompanying a tornado and aerodynamic 
interactions determine the final pressure distribution on the building envelope. Significant 
negative pressure drop dominates both the external and internal pressures on the building 
model when the building is located at the tornado vortex center. The relative contributions 
of the pressure drop of a tornado and the aerodynamic wind pressures to the overall 
effective pressures on the building envelope vary based on the location of the building with 
respect to the tornado path. The findings of this study show that the current wind design 
provisions for boundary-layer winds may be modified to consider the tornado loading for 
structures located at or outside of the core radius of a tornado. Both the opening/leakage 
ratio and the orientation of a single large opening on a wall (i.e. windward or side wall) 
Table 4.4 Comparison with ASCE 7-10 and GB 50009-2012 on the internal pressure coefficient
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significantly influence the internal pressures. As expected, the building model experiences 
maximum wind forces when it is located at the tornado core radius. Comparisons between 
the measured tornado-induced wind pressures and that computed based on the boundary-
layer wind provisions in ASCE 7-10 and GB 50009-2012 show that gross underestimations 
of both the external and internal pressures would result if ones were to apply the code 
provisions without any adjustment for tornado resistant design. 
    The effect of translation motion of tornado was not considered in the present study. 
Forward motion of a tornado may affect the pressure distribution on the building envelope 
and further studies should be conducted in the future to investigate the influence of 
translation motion of tornado on both the internal and external pressures. Finally, it should 
be noted that the blockage ratio of the present study is relatively large (6.6%), which may 
inevitably create blockage ratio effect on the obtained experimental results. 
116 
 
  3D TORNADO WIND FIELD MODEL 
5.1 Introduction 
Tornadoes can cause severe damages to buildings and other structures. Understanding 
the tornado wind field near the ground is important for tornado risk assessment, emergency 
planning and hazard mitigation purposes.  Tornado wind field consisting of three velocity 
components (tangential, radial and axial) is different with boundary-layer wind flow. 
Typically, tornado vortex structures can be grouped into single-cell tornado and multiple-
cell tornado. Radial inflows and upward axial flows are main flow types in the single-cell 
tornado. However, radial outflows and downward axial flows exist around the tornado 
vortex center for the multiple-cell tornado, except the flow types in single-cell tornado. The 
model used to represent the tornado wind field is an important element in performing risk 
assessment of tornado hazards. Based on the dimensions the model can describe, 1D, 2D 
and 3D tornado wind field models can be categorized. The Rankine vortex model (Rankine, 
1872) is the most widely used 1D model, which does not describe the radial or vertical 
velocity field.  In addition, the simple Rankine model consisting of two separate equations 
has the sharp point at the core radius which cannot represent the realistic tornado wind 
field, and this model does not have sufficient degrees of freedom fit to realistic tangential 
observations. Refan (2014) modified and merged the simple Rankine vortex model into 
one equation to generate the tangential velocity horizontal profile. However, the new 
modified Rankine-based tornado wind field model cannot realistically simulate the vertical 
profile of tangential velocity, especially the profile inside the vortex core. Wood and White 
(2010) proposed a parametric model to simulate the tangential velocity profile. The profile 
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employs three parameters to fit realistic observations and experimental data, however it did 
not consider the radial and vertical velocity components. Except the 1D models stated 
above, Ward (1972) presented a simple two-dimensional vortex model to describe 
tangential and radial flows of a tornado wind field. Updraft or vertical flow was not 
considered in Ward (1972). In addition, the two-dimensional tornado wind field models 
discussed above, some three-dimensional tornado wind field models were also developed. 
The Burgers-Rott model (Burgers, 1948; Rott, 1958) is a 3D model that describes all three 
velocity components of a tornado flow structure. This model idealized vortex solution to 
the steady, axisymmetric Navier-Stokes equations represents a balance between radial and 
vertical advection, and radial turbulent transport. However, this model assumes the 
magnitude of the radial velocity increases with distance from the vortex center, and the 
vertical velocity has a finite value at all radius. Sullivan (1959) modified the Burgers-Rott 
model to simulate the two-cell tornado vortex. Kuo (1970) proposed a theoretical model, 
which divided the tornado wind field into sub-regions: inner core, outer core, internal 
boundary layer and external boundary layer. Wen (1975) further simplified the Kuo (1970) 
model and adopted to study tornadic wind loading on tall buildings. However, both these 
two models cannot describe the downdraft flow in a multiple-cell tornado. Xu and Hangan 
(2009) proposed a new model based on the Stokes’ stream function to generate the three 
dimensional tornado wind field.  Baker (2016) modelled a simple one-cell vortex with a 
radial inflow and an updraft. Most existing tornado wind field models discussed previously 
were developed for modelling the single-cell vortex, or could not realistically simulate the 
multiple-cell vortices. However, tornadoes with multiple-cell vortices would commonly 
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cause more server damages and classified as higher intensity events in the EF-scale in real 
tornado events, which highlights the need to propose a more realistic model to simulate the 
multiple-cell vortices.  
The main objective of this study is to develop a wind field model that can be used to 
characterize the vortices of multiple-cell tornadoes.  Multiple-cell tornado vortices were 
observed in the tornado simulator experiments carried in Chapter Two. Based on the 
experimental data, a parametric tornado wind field model, consisting of three equations for 
describing the three wind velocity components, is developed. The least squared error fitting 
method is utilized to find the parameters of the proposed 3D tornado wind field model. 
Additionally, the quantification of errors was also studied. Comparisons between the 
modeled, experimentally simulated and real tornadoes’ wind velocities were made to 
validate the proposed model.  
5.2 Normalized Wind Field Measurement  
A 3D tornado wind field model consisting of tangential velocity, radial velocity and 
axial velocity is proposed by fitting the measured wind velocities to a set of three empirical 
equations in a cylindrical coordinate system as shown in Fig. 5.1.  It should be noted that 
all the velocity components modelled in this chapter were used for the smooth surface 
condition. In order to allow the scaling of the model vortex into tornadoes of varying widths 
and size, all length scales are non-dimensionalized by the vortex core radius rc0, which 
corresponds to the maximum tangential velocity umax0 of the whole wind field as shown in 
the Nomenclature Table 2.1.  In addition, all the three velocity components, tangential 
velocity u, radial velocity v and axial velocity ware normalized by umax0. z0 is the elevation 
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corresponding to umax0. rc denotes the core radius corresponding to the maximum tangential 
velocity umax at each elevation.  It should be noted that rcw is the radius corresponding to 
the maximum axial velocity wmax at each elevation, while rcr is the radius corresponding to 
the transition position from inward flow to outward flow with zero radial velocity. Note 
that all the uppercase variables are normalized dimensionless quantities and the lowercase 
variables correspond to the dimensional variables of original scales. 
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Fig. 5.1 Cylindrical coordinate system 
120 
 
5.3 Tangential Velocity Model  
5.3.1 Maximum tangential velocity and core radius vertical profile models 
Fig. 5.2 show the vertical profile of maximum tangential velocity and core radius from 
each particular elevation. Due to the limitation of device placement, it is unavailable to 
measure the wind filed below 10 mm. We assume that the velocity components to decrease 
from a maximum value at some height above the ground down to zero at ground level based 
on the no-slip condition. It can be found the maximum tangential velocity would decrease 
with the height above the elevation z0. The core radius shown in Fig. 5.2b is assumed to 
decrease to zero on the ground level. In addition, it is clear showing that the variation of 
maximum tangential velocity with swirl ratio is insignificant, when comparing with the 
core radius components.  
              
      
(a) Maximum tangential velocity                                (b) Core radius 
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Fig. 5.2 Vertical profiles of maximum tangential velocity and core radius 
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From Fig. 5.2, the equation for the maximum tangential velocity and core radius vertical 
profiles consisting of one independent parameters are derived as shown in Eqs.5.2 and 5.3. 
The model shown in Eqs. 5.2 and 5.3 would be incorporated into the new equation to 
represent model of tangential velocity, which will be discussed later.  
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Where, a1, and a2 are independent parameters, and α and β are dependent on a1. The 
sensitivity of Umax and Rct models on parameters a1 and a2 is shown in Fig. 5.3. It can clearly 
demonstrate that increasing a1 will increase the decay rate of maximum tangential velocity 
beyond z0, while increasing a2 may enlarge the core radius at high elevation. By adjusting 
the parameters, different vortex structure can be generated accordingly.  
 
(a) Parameter of a1 for Umax model              (b) Parameter of a2 for Rct model 
 
Fig. 5.3 Parameter sensitivity for Umax and Rct models
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Fig. 5.4 shows the comparisons between the experimental and the modelled maximum 
tangential velocity and core radius vertical profiles, indicating the good agreement between 
the experiment and model.  Fig. 5.4a shows that the model of maximum tangential velocity 
can represent the profile of increasing from zero to a peak value and then decreasing 
beyond the peak, which is unlike a typical boundary-layer wind profile, where the wind 
speed increases with elevation (e.g. power-law form).  Fig. 5.4b shows that the core radius 
increases as a function of height, which is similar to the vertical profile of radius-to-
maximum wind of tropical cyclones or hurricanes, known as a nose-shape.  
R2 (R square) value, which is an important factor to quantify the match between the 
model and the observed data, is shown in Fig. 5.5. Both the models of maximum tangential 
velocity and core radius are presented. The large R2 number (e.g. close to one) indicates 
the higher quality of model matching with the experimental data. It can be concluded that 
the proposed models for maximum tangential velocity and core radius can represent the 
simulated tornado vortex very well. 
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(a) Maximum tangential velocity 
 
(b) Core radius 
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Fig. 5.4 Comparisons between the experimental data and mathematical model 
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5.3.2 Tangential velocity model 
Tangential velocity is an important component in the three-dimensional velocity field. 
Fig. 5.6 gives the horizontal distributions of tangential velocities for two swirl ratios (S = 
0.15 and 0.72) at six different elevations. Similar trend of the horizontal tangential profile 
is also observed for the other three swirl ratios. For the simplicity, only the lowest swirl 
ratio and highest swirl ratio cases are presented. It should be noted that the tangential 
velocity u and the radial distance r shown in the figure are normalized by the maximum 
tangential velocity umax and the core radius rc measured at the particular elevation. Fig. 5.6 
shows that the tangential velocity increases with radial distance relative to the tornado core 
center and reaches a peak value at the core radius. Outside of the core radius, the tangential 
velocity decreases as the distance from the core increases. This is a typical tangential 
velocity horizontal profile, which has been observed in real tornado field and other similar 
tornado simulator studies (e.g. Wurman and Alexander, 2005; Haan et al., 2008) as 
discussed in Chapter Two.       
Swirl ratio (S)
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Fig. 5.5 R-square of umax and rc model
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       (a) S = 0.15                                        (b) S = 0.72 
 
The simple Rankine vortex model, given in Eq. 5.4, is one of the most widely used 
parametric models for characterizing the tangential velocity profile: 
max
max
     when 
     when 
c
c
c
c
ru u r r
r
ru u r r
r
 
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                                               (5.4)     
Note that the updraft velocity and radial velocity are not included in the Rankine model. 
Refan (2014) later modified the Rankine model into: 
2 2( )c
ru
r r 


                                                         (5.5)                                                     
where   is the circulation considered as max2 cr u . The above equation can be re-written 
as: 
r/rc
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Fig. 5.6 Tangential velocity distributions for two swirl ratios
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For each individual elevation, the corresponding maximum tangential velocity umax and 
the core radius rc at that elevation are utilized to normalize the tangential velocity u and 
radial distance r.  It should be noted that the modified Rankine model (Refan, 2014) has 
the same horizontal profile for all elevations and thus not able to accurately capture the 
vertical profiles of tangential velocity. In addition, the modified Rankine model indicates 
the neglected effect of swirl ratio on the horizontal profile of tangential velocity. Therefore, 
a new tangential velocity model consisting of three parameters a1, a2 and a3 is proposed 
(Eqs. 5.7 and 5.8). Eq. 5.7 shows the format of tangential velocity model normalized by 
the maximum tangential velocity and core radius measured at each particular elevation. 
The models of maximum tangential velocity and core radius versus height were introduced 
into Eq. 5.7 to get the final model of tangential velocity (Eq. 5.8). 
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In which, a1 and a2 determine the maximum tangential velocity and core radius vertical 
profile, while a3 describes the decay rate of the tangential velocity outside the core radius. 
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The proposed new tangential velocity model expressed by Eq. 5.8 satisfies three boundary 
conditions: (1) the far-field tangential velocity approaches zero, 0U   as R   ; (2) the 
maximum tangential velocity occurs at the core radius, U = Umax at R = Rct; and (3) the 
slope or change in tangential velocity is zero at core radius, U’ = dU /dR = 0 at R = Rct. 
Once given the radius R and elevation Z, the tangential velocity would be determined by 
Eq. 5.8. The value for parameters a1, a2 and a3 can be obtained using the least squares error 
fitting method.  The effects of a3 on the horizontal and vertical profiles of tangential 
velocity is shown in Fig. 5.7. The elevation Z = 0.5 and the radius R = 0.5 were selected to 
be the examples. It can draw the conclusion that increasing a3 would greatly increase the 
decay rate of tangential velocity along radial distance.  
 
 
(a) Horizontal profile                                          (b) Vertical profile 
 
Fig. 5.8 shows the comparisons between the horizontal velocity profiles obtained from 
the tornado simulator and the proposed model for two cases S = 0.15 and 0.72.  It can be 
seen that the proposed model fits the tangential velocity profiles reasonably well. Fig. 5.9 
shows the comparisons of vertical profiles of tangential velocity at various normalized 
Fig. 5.7 Parameter sensitivity for U model 
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distances (0 ≤ R ≤ 4) between the experimental data (cross marker) and model (dashed 
lines).  The model captures both the velocity shearing or double curvature profile inside 
the vortex core (R < 1) and single curvature profile similar to a typical boundary-layer 
profile outside the vortex core (R > 1).  
 
 
(a) S=0.15     
                     
u/
u m
ax
0
u/
u m
ax
0
u/
u m
ax
0
u/
u m
ax
0
u/
u m
ax
0
u/
u m
ax
0
129 
 
 
(b) S=0.72 
 
 
(a) S=0.15 
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Fig. 5.8 Comparison of horizontal profile of tangential velocity 
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(b) S=0.72 
 
Fig. 5.10a and b shows the comparison between the proposed model with current 
experiment, real tornadoes and the results of Haan et al. (2008) for two heights z = 0.1rc, 
and 0.52rc, respectively. The results obtained from Haan et al. (2008) is for the case of 
swirl ratio So = 1.14, corresponding to S = 1.41. The proposed model can represent the 
horizontal profile of real tornado reasonably well. In addition, it should be mentioned that 
the difference between the model and the real tornadoes may be caused by the roughness 
or translation effects on the ground level, which are not considered in the proposed model. 
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Fig. 5.9 Comparison of vertical profile of tangential velocity 
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(a) z = 0.1rc                                                    (b) z = 0.52rc 
 
The errors (defined in Eq. 5.9) between the experimental data and the parametric model 
for three dimensional velocity profile are analyzed to quantify the uncertainty of the 
parametric wind field model. For a given swirl ratio, the errors obtained from the 
combinations of all the radial distances and elevations are grouped and analyzed. Error is 
defined as: 
model
tmax0
measurementV Verror
U
                                                 (5.9)                     
where Vmeasurement is the experimentally measured velocity and Vmodel is the modeled velocity 
using the parametric model. Fig. 5.11 presents the empirical cumulative distribution 
function (CDF) of the errors and the CDF of the errors fitted to the normal distribution. 
The mean values of the errors are quite small but not exactly zero, indicating the small bias 
between the model and the experiment. In addition, Fig. 5.11 shows that the errors for the 
fitted tangential velocities are within +/- 15% of the maximum tangential velocity. 
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Fig. 5.10 Comparison between the model, real tornadoes and Haan et al. (2008) results
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(a) S = 0.15                                              (b) S = 0.72 
 
Fig. 5.12 shows the coefficients of determination or R2 values of the fitted tangential 
velocity profiles for two swirl ratios (S = 0.15 and 0.72) at six different elevations. As can 
be seen, except for the elevation of z = 25 mm, all other R-square values are over 0.9, 
indicating that the proposed tangential velocity model (Eq. 5.8) fits the measured tangential 
velocity profiles of tornado vortex reasonably well. 
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Fig. 5.11 CDF of errors and comparisons with fitted normal distribution for tangential velocity component
Fig. 5.12 R-square value relative to elevation
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5.4 Radial Velocity Model 
Unlike the single-celled tornado vortex, in which all the radial velocities flow toward 
core center, the multiple-celled vortex or the state between the single-celled and multiple-
celled vortex has the radial velocity with reverse directions. Or in other words, the inlet 
radial velocities would flow toward the vortex center, while the inside radial velocity may 
move outward. In this study, a negative radial velocity means the flow is inward (toward 
the center of the tornado vortex) and a positive radial velocity indicates an outward flow.  
Due to this specific characteristic, the equation is tried and studied as described in Eq. 5.10. 
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In which, γ and η are dependent on independent parameters b3, b4, b5, b6 and b7. Note that 
the seven independent parameters can be adjusted for different swirl ratio, and can even 
represent the radial profile in one-cell tornado. The model for Rcr represents the transition 
position between the radial inflow to radial outflow. Parameter γ represents the main factor 
controlling the magnitude of the radial velocity along vertical profile. Fig. 5.13a presents 
the influence of parameters b1 and b2 on Rcr model. Increasing b1 or decreasing b2 will make 
the transition radius Rcr larger. Therefore, the zero value of b1 means the outflow 
components are gone, indicating a one-cell vortex as show in Fig. 5.13b. Fig. 5.13c and d 
show the effects of b3, b4 and b5 effects on horizontal and vertical profile of radial velocity 
(or in other words, the effects of dependent parameter γ on radial profiles), indicating larger 
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b3 would make the radial velocity increased. Two boundary conditions are applied to Eq. 
5.10: (1) radial velocity equals to zero at the center of the vortex, and (2) the radial velocity 
approaches zero at a distance Rcr which is the transition positon between the inflow and 
outflow. Note that all the values in Fig. 5.13, such as Z = 0.5, R = 0.5, are just for the 
purpose of parameter sensitivity study. 
 
 
Fig. 5.14 shows the horizontal distribution of the measured and the fitted normalized 
radial velocities (Eq. 5.10) for S = 0.15 and 0.72 at six horizontal planes above the floor. It 
should be noted that the radial velocities are normalized by the overall maximum tangential 
velocity umax0 of the whole wind field. Similarly, the radial distance is normalized by the 
corresponding core radius rc0 of the entire wind field.  
Fig. 5.13 Parameter sensitivity for Rcr and V models: (a) Rcr model; (b) b1 effects on V model; (c) b3, b4, b5 
effects on horizontal profile; (d) b3, b4, b5 effects on vertical profile 
(a) (b) 
(c) (d) 
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Fig. 5.15 shows the comparison of CDFs between the errors and the fitted normal 
distribution for S = 0.15 and S = 0.72. Note that the error for the fitted radial model is 
defined in the same format as the tangential model (Eq. 5.9). From Fig. 5.15, it can be 
observed that the errors of the fitted radial wind velocities fall within +/- 10% of the 
maximum tangential velocity of the entire wind field.  
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(b) S = 0.72 
 
        
  (a) S = 0.15                                    (b) S = 0.72 
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Fig. 5.15 Distribution of error for radial velocities at two swirl ratios
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5.5 Axial Velocity Model 
As discussed in Chapter Two, the axial velocity shows an upward flow in single-cell 
vortex and downward flow around vortex center for a multiple-cell vortex. Therefore, the 
sign of axial velocity denotes the flow direction, where a negative sign means the flow is 
downward and a positive sign indicates an upward flow in this study. It should be noted 
that the axial velocities are normalized by the overall maximum tangential velocity umax0 
of the whole wind field, which is the same normalization approach used for the radial and 
tangential velocity model. Similarly, the radial distance is normalized by the corresponding 
core radius rc0 of the entire wind field. The trend of the horizontal distribution of the axial 
velocity is similar to that of tangential velocity shown in Fig. 5.6. The modeling equation 
(Eq. 5.11) takes the same form as the tangential velocity horizontal profile model (see Eq. 
5.8), except the axial velocity at vortex center is not equaling to zero. Similar to the 
assumptions made for the tangential and radial velocity models, it is assumed that the axial 
velocity far away from the vortex center is zero.  
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Where τ is dependent on independent parameters c5 and c6. The variable τ dependent on c5 
and c6 can control the downward flow. An assumption that the downward flow would be 
increased from zero on the ground level to the constant value far from the elevation is 
138 
 
adopted. Additionally,  three boundary conditions were considered: (1) the far-field axial 
velocity approaches zero, 0W   as R   ; (2) the maximum axial velocity occurs at the 
core radius, W = Wmax at Rcw; and (3) the slope or change in axial velocity is zero at core 
radius of Rcw, W’ = dW/dR = 0 at Rcw. Based on the above assumption and boundary 
conditions, the model of axial velocity is derived. 
The six independent parameters can be adjusted for the profile in multiple-cell tornado. 
Rcw also represents the incline angle of the line with maximum axial velocity in the vertical 
cross-sectional view. Haan et al. (2008) stated that with the increase in swirl ratio, the line 
with maximum axial velocity becoming more vertical. The independent parameter c1 can 
describe this feature. Increasing c1 or decreasing c2 will make the radius Rcw larger. Fig. 
5.16a presents the influence of parameters c1 and c2 on Rcw model. Fig. 5.16b shows the 
effects of c3 and c4 on vertical profile of maximum axial velocity, indicating larger c3 or 
smaller c4 would make the axial velocity decay slow. The variation of downward flows at 
vortex center with elevation is shown in Fig. 5.17 for different parameter values. 
Parameters c5 and c6 control the downward flow magnitude. c6 would be negative to make 
the flow downward and more negative c6 would make the downward flow stronger, 
indicating for the high swirl ratio. In addition, reducing c5 will also increase downward 
flow. Fig. 5.18 shows the horizontal distribution of the measured and the axial velocity 
model for S = 0.15 and 0.72 at six horizontal planes above the floor. Good agreement with 
the experimental data was observed, which validates the axial model. 
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             (a) Parameter for Rcw model                      (b) Parameter for Wmax model 
 
 
 
 
     (a) S = 0.15                                    
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Fig. 5.16 Parameter sensitivity for Wmax and Rcw models
Fig. 5.17 Downward flows at vortex center 
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 (b) S = 0.72 
 
Fig. 5.19 shows the CDF of errors of the axial velocity and the fitted normal CDF for 
the errors. Similar to the error distributions observed for the tangential and the radial 
models, the means of the errors are approximately zero, which mean the proposed axial 
velocity model can simulate the unbiased axial velocity reasonably. Similar to the radial 
velocity error, the axial velocity error is expressed as the fraction of the maximum 
tangential wind speed of the entire wind field umax0. From Fig. 5.19, it can be seen that the 
axial velocity errors are within ± 10% of the maximum tangential wind speed.  
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Fig. 5.18 Comparison of normalized axial velocity with empirical model 
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(a) S = 0.15                                 (b) S = 0.72 
 
5.6 Modelled Tornado Wind Field Model 
The modelled vertical two dimensional tornado-like flow field is shown in Fig. 5.20 for 
two swirl ratios (S = 0.15 and 0.72). Both the radial distance r and elevation z are 
normalized by rc0. In the case of the low swirl ratio (S = 0.15), the flow in the rz-plane 
shows that outside the core air is moving radially toward the vortex center and then turns 
upward near the core radius. The flows around the vortex center move downward to the 
floor and the flow direction is reversed (i.e. upward) near the core radius. At high swirl 
ratio (S=0.72), the flow structure is similar to the phenomenon shown in Fig. 5.20a except 
that a more obvious structure of downward axial flow can be observed around the vortex 
center. The modelled velocity field are consistent with the observations in present 
experimental results and other research (e.g. Church et al., 1979; Haan et al., 2008).  
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Fig. 5.19 Distribution of error for axial velocity 
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(a) S = 0.15                                          (b) S = 0.72 
 
           
(a) S = 0.15                                              (b) S = 0.72 
 
The horizontal cross-sectional views of the model multiple-cell vortices are shown in 
Fig. 5.21 for two swirl ratios, a low S = 0.15 and high S = 0.72, respectively.  From Fig. 
5.21, it can be observed that the vortex with high swirl ratio (S = 0.72) shows higher ratio 
of tangential-to-radial flow than that of the low swirl ratio vortex (S = 0.15) at core radius 
(r/rco =1).  These flow patterns, which are typical for multiple-cell vortices, are consistent 
with the experimental observations and findings of several previous studies (e.g. Church et 
z/
r c
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r/rc0
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Fig. 5.20 Vertical cross-sectional vector plots of multiple-cell vortices 
Fig. 5.21 Horizontal cross-sectional vector plots of multiple-cell vortices 
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al., 1979; Haan et al., 2008). The 3D vector plots of multiple-cell vortices are shown in 
Fig. 5.22. All the parameters optimized based on the experimental results are given in  
Table 5.1 below. 
 
        
(a) S = 0.15                          (b) S = 0.72 
Fig. 5.22 3D vector plots of multiple-cell vortices 
 
Parameters S=0.15 S=0.24 S=0.35 S=0.5 S=0.72 
Tangential 
velocity 
a1 1.19  1.17  1.17  1.18  1.17  
a2 1.72  2.10  2.37  2.41  2.46  
a3 2.63  2.55  2.32  2.30  2.30  
Radial 
velocity 
b1 3.16  3.26  3.73  4.44  5.57  
b2 0.27  0.23  0.35  0.75  1.46  
b3 1.26  1.19  1.42  2.26  4.42  
b4 1.50  1.50  1.50  1.50  1.50  
b5 0.07  0.07  0.10  0.21  0.54  
b6 2.51  3.19  4.79  15.61  46.92  
b7 5.20  3.73  3.13  2.87  -7.74  
Axial  
velocity 
c1 2.14  2.36  2.84  2.99  3.20  
c2 0.33  0.39  0.61  0.67  0.81  
c3 0.23  0.24  0.25  0.24  0.25  
c4 0.05  0.06  0.05  0.05  0.05  
c5 0.09  0.09  0.03  0.17  0.40  
c6 -0.01  -0.01  -0.02  -0.04  -0.06  
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Table 5.1 Optimized parameters in 3D tornado wind filed model
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5.7 Conclusions 
A new three dimensional tornado wind field model for multiple-cell vortices is 
presented in this paper based on the results of tornado simulator experiments. The 
experimentally measured wind velocities were decomposed into three orthogonal 
components in a cylindrical coordinate system. The no-slip condition was hypothesized 
near the ground. The modeling parameters are fitted using the least squares error method. 
It has been shown that the proposed model provides more accurate descriptions for the 
three velocity components of wind flows measured in a tornado simulator than other single-
cell models (e.g. Rankine model).  One of the key features of this new model is that it is 
able to characterize the vertical distribution of tangential wind speed at different radial 
locations relative to the core radius, including the shearing profile or double curvature 
profile inside the core radius and boundary-layer profile outside the core radius. In addition, 
the new model can consider the downward flow of axial velocity in multiple-cell tornadoes 
near the vortex center. The transition position from the radial inflow to radial inflow for 
radial velocity can also be modelled in this model. Comparisons between the wind 
velocities of the empirical parametric models and the original experimental data show that 
the new tangential velocity model can represent the distribution of the tangential velocity 
reasonably well (+/-15% error). The errors for the fitted radial and axial velocities are also 
within +/- 10% of the maximum tangential velocity. 
This three dimensional wind field model could be used by other researchers to generate 
tornado wind hazard maps for building codes or used in a debris flight model to simulate 
the trajectories of tornado-borne debris.   
145 
 
  RISK ASSESSMENT OF TORNADO HAZARDS 
6.1 Introduction 
Tornado is considered a low probability and high consequence event.  Due to the violent 
nature of tornadoes, the demand or loading imposed on a structure from a direct hit tornado 
may be excessively high.  It was deemed uneconomical by the engineering committee in 
the past to design conventional structures, especially residential buildings to resist tornado 
loading.  Due to the outbreaks of many damaging and deathly tornadoes in a short time 
span (2011 Joplin Missouri and 2013 Moore Oklahoma tornadoes were both EF-5), there 
is a call to action in the engineering community to incorporate tornado design into the U.S. 
building codes. While it may be cost prohibitive to design all residential buildings to resist 
EF-5 tornadoes (peak 3s gust wind speed > 200 mph), it may be feasible to design 
residential buildings to resist EF-1 (< 110 mph), and possibly EF-2 (< 135 mph) tornadoes.  
Fig. 6.1 shows the distribution of tornadoes observed since 1950 in the United States. 
Approximately 95% of all tornadoes are of EF-2 or lower in intensity. Therefore, 
incorporating design provisions into the building codes to safe guard against up to EF-2 
tornadoes may be a reasonable goal.        
There are currently no well-established design procedures in the U.S. building codes for 
tornado design. The objective of this last research task is to develop a risk assessment 
framework for tornado that can be used to assist in the development of a risk-targeted 
tornado design. 
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Wood-frame construction accounts for approximately 90% of the residential building 
stock in the United States and wood-frame buildings have been observed to perform poorly 
under extreme wind events such as hurricanes and tornadoes. Therefore, an accurate 
assessment of tornado risk, in particular for residential buildings, is essential for reducing 
tornado risk, and for emergency planning and hazard mitigation purposes.  
Risk can be quantified as failure probability multiplied by the severity of the failure. In 
order to compute the failure probability of a building due to tornado, one will need to be 
able to quantify (1) the occurrence probability of tornadoes, (2) the resistance of the 
building, and (3) the demand or loading imposed on the building due to tornadoes.  A recent 
research work by a doctoral student at Clemson, Fanfu Fan, on tornado hazard map can be 
utilized to develop a risk assessment framework for tornadoes. Roof structures are 
Fig. 6.1 Distribution of tornadoes spawn in the U.S. by EF scale
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susceptible to damage during tornado events. Conner et al. (1987), Pan et al. (2002), Jordan 
(2007) and Chowdhury et al. (2012) found that the roof structure is likely to be the first 
subassembly to be damaged in a tornado event. Gardner et al. (2000), Marshall (2002), Pan 
et al. (2002), Jordan (2007) and Roueche and Prevatt (2013) found the roof damages due 
to tornado mainly occur in roof panels and roof-to-wall connectors. Several studies have 
investigated the failure probability of low-rise buildings using a fragility analysis 
framework. Amini and van de Lindt (2014) conducted the fragility analysis of roof panels 
and roof-to-wall connections in five types of buildings based on the tornado loading results 
in Haan et al. (2010), which without considering the internal pressure influence. The study 
by Amini and van de Lindt (2014), the tornado loading was assumed to be uniform across 
the entire tornado path. Dao et al. (2014) used fragility analysis to investigate the failure 
probability of low-rise building subjected to the 2013 Moore tornado. Dao et al. (2014) 
concluded that the relative location between the tornado and low-rise building and the wind 
attack angle have influences on the damage pattern. Standohar-Alfano and van de Lindt 
(2015) also investigated the fragility of low-rise building in different regions considering 
different structural types and occurrence probability of tornado in that region. Masoomi 
and van de Lindt (2016) preformed the fragility analysis of masonry structures subjected 
to tornadoes. It should be noted that most of the past studies on fragility analysis of low-
rise buildings subjected to tornadoes used the tornado loading results in Haan et al. (2010), 
which assumes a uniform loading over the entire tornado path. In addition, the tornado 
loading in Haan et al. (2010) did not consider the internal pressure effects on the fragility 
results of low-rise buildings. This study utilized the fragility framework and the results 
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obtained in Chapter Four, which specifically accounted for the internal pressure and 
variation of tornado loading based on the proximity of the track to the structure. The 
objectives of this study were to develop the fragility curves for failures of (1) roof panels 
and, (2) roof-to-wall connections for a low-rise wood building subjected to tornadoes of 
different intensity and distance from the building. 
6.2 Research Methods 
The fragility of a structure describes the probability of failure conditioned on a given 
hazard intensity H as shown in Fig. 6.2. The fragility of a structure is typically modelled 
using a lognormal distribution (Ellingwood et al., 2004; Lee and Rosowsky, 2005), 
2 2
ln( ) ln( )( | ) 1 C DR
C D
m mF C D H
 
    
                                       (6.1) 
where (...)  = standard normal cumulative distribution function; Cm = median value of 
capacity or resistance; Dm = median of the demand or loading; C = logarithmic standard 
deviation of capacity, and D = logarithmic standard deviation of demand.  In this study, 
the building envelope capacities C (i.e., roof panel uplift resistance) were obtained from 
various sources (e.g. Grayson et al., 2013). The load or demand model D was obtained 
from the previous results from tornado simulator in Chapter Four.   
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The limit state function shown in Eq. 6.1 can be evaluated either analytically using 
closed form equations or numerically using Monte Carlo simulation. In this study, the 
Monte Carlo simulation method was utilized to determine the failure probability of the 
wood roof. The following limit state function for uplift failure of roof panel or roof-to-wall 
connection was evaluated using the Monte Carlo simulation, 
g C D                                                               (6.2)                                                
where, g > 0 indicates the roof is safe, while g < 0 indicates the roof is damaged. C is the 
structural resistance and D is the loading. Generally, C and D are random variables. In the 
risk assessment of tornado damages, the above Eq. 6.2 can be re-written as: 
g C W DD                                                          (6.3)                                                  
where, W is the uplift force applied on the roof sheathing or roof-to-wall connection and 
DD is dead load. For uplift failure, the dead load is beneficial to the performance; hence it 
was considered as a positive term in the analysis. All the three components in the right 
hand side of Eq. 6.3 are random variables. C and DD were obtained from previous 
Fig. 6.2 Probability density distributions of tornado load and building resistance (left), and fragility curve 
(right) 
C DPDF 
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experimental and numerical studies. The distribution for W was determined from the test 
results in Chapter Four.  
For the boundary-layer wind flows, ASCE 7-10 describes the wind loading as shown in 
Eq. 6.4: 
[ ]h p piW q GC GC                                                       (6.4)                                          
where qh is the base pressure evaluated at the roof height, G is gust factor, Cp is external 
pressure coefficient and Cpi is internal pressure coefficient. The referenced values of GCpi 
were determined using Table 26.11-11 in ASCE 7-10. 
The base pressure was calculated using the following Eq.: 
2 20.613    (unit: / ;  in / )h z zt dq K K K V N m V m s                             (6.5)                            
where Kz is the velocity pressure exposure coefficient Kd is wind directionality factor, Kzt 
is the topographic factor, V is the basic wind speed. For comparison purpose, two sets of 
fragility curves were developed. One set of fragility curves was based on the pressure 
coefficients measured from the tornado simulator and the other set based on the ASCE 7-
10 method for boundary-layer straight-line wind. 
6.3 Low-rise Building 
The configuration of the low-rise building used in the current study is shown in Fig. 6.3. 
Properties of this building are given in Table 6.1. The plan dimension of the building is 
40ft × 40ft, with height of 40ft. The roof panel size is the standard 4ft × 8 ft wood structural 
panel. 
151 
 
H
L L
< 5୭
       
(a) low-rise building                (b) roof panel layout            (c) roof-to-wall connections 
 
Plan dimension  40ft × 40ft (12.2m × 12.2m) 
Roof type Gable  
Roof slope <5o 
Panel size 4ft × 8 ft 
Roof framing spacing 24 in 
 
6.4 Statistics of Random Variables 
For the fragility analysis of low-rise buildings, the roof sheathing panels and roof-to-
wall connections were focused.  
6.4.1 Panel uplift capacity 
As described in the above section, the dimension of panel is 4ft × 8ft attached with 
smooth-shank hand-driven 8d common nails (3.33 mm diameter, 63.5 mm long). The 
sheathing was assumed to be attached to 50 × 100 mm spruce-pine-fir (SPF) rafters spaced 
at 610 mm on center, which was the same as those used in Amini and van de Lindt (2014). 
Two nailing schedules were considered, namely NT1: 150 mm/300 mm, in which 150 mm 
Fig. 6.3 Low-rise building of interest
Table 6.1 Properties of Archetype 
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is the nail spacing along the edge of the sheathing panel while 300 mm is field nailing 
spacing; and NT2: 150 mm/150 mm, in which 150 mm is the edge and field nail spacing, 
respectively. Detailed statistics of uplift capacity are shown in Table 6.2. 
 
Nail type/spacing Mean 
(kPa) 
Coefficient of variation 
(COV) 
Distribution 
type 
Source 
NT 1: 
8d nails 
@150mm/300mm 
2.76 0.2 Normal Rosowsky and Cheng 
(1999); Lee and 
Rosowsky (2005) 
NT 2: 
8d nails 
@150mm/150mm 
6.67 0.21 Normal van de Lindt and Dao 
(2009) 
 
6.4.2 Roof-to-wall connection uplift capacity 
Two types of roof-to-wall connection that are common in residential construction are 
considered in this study, namely two 16d toe nails or one H2.5 hurricane clip produced by 
Simpson Strong-Tie in each roof-to-wall connection (van de Lindt et al., 2013). Similar to 
the study by van de Lindt et al. (2013) and Amini and van de Lindt (2014), the analysis is 
also performed for a connection with two H2.5 hurricane clips. The capacity for this 
connection type is simply obtained by doubling the capacity of a single H2.5 and keeping 
the coefficient of variation (COV) constant in the analysis. A major assumption in this case 
is that wood rafters or roof trusses are assumed to resist the full force developed in the 
connectors as discussed in Amini and van de Lindt (2014). The statistics for roof-to-wall 
connection used in the analysis are given in Table 6.3. 
 
Table 6.2 Statistics of roof sheathing panels
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Connection type 
Mean 
(kN) 
Coefficient of variation 
(COV) 
Distribution type Source 
CT 1: 
Two 16d toe nails 
1.83 0.16 Normal 
van de Lindt et al. 
(2013) 
CT 2: 
H2.5 clip 
5.84 0.12 Normal Reed et al. (1997) 
CT 3: 
Two H2.5 clip 
11.68 0.12 Normal 
Ellingwood et al. 
(2004) 
 
6.4.3 Dead load statistics 
The dead load defined as self-weight of the members is considered a beneficial effect 
on the uplift performance. The statistics of dead load are given in Table 6.4. 
 
Connection type Mean (kPa) 
Coefficient of variation 
(COV) Distribution type Source 
Roof panel 0.168 0.1 Normal Lee and Rosowsky (2005) 
roof-to-wall 
connection 0.717 0.1 Normal 
Ellingwood et al. 
(2004) 
 
6.4.4 Tornado-induced wind load 
Chapter Four studied the tornado-induced wind loading on low-rise buildings. The 
tornado load used in this chapter is taken directly from Chapter Four. There are 25 pressure 
taps distributed uniformly on the roof external surface as described in Chapter Four, and 
the pressures at the 25 taps were measured simultaneously. Linear interpolation and 
extrapolation were used to get the pressure contours on the roof using the 25 discrete 
pressure taps. Fig. 6.4 presents the layout of roof sheathing panels and roof-to-wall 
Table 6.3 Statistics of roof-to-wall connections 
Table 6.4 Statistics of dead load 
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connections and the pressure taps distribution. The solid blue points marked the locations 
of the 25 pressure taps on the building model, while the hollow black circles marked the 
pressure points using interpolation and extrapolation methods. The numbers in Fig. 6.4 
represent the roof sheathing panel number and roof-to-wall connection number. 
The tornado wind force on each panel was obtained by integrating all the pressure 
information on this local panel. Similarly, the tornado wind force on each roof-to-wall 
connection was found based on the pressure distribution on its tributary area as described 
in the Fig. 6.5. 
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Fig. 6.4 Layout of roof panels and roof-to-wall connections 
155 
 
Based on pressure information of 
25 pressure taps on roof
Pressure information on 
400 points
Wind force on each 
panel
Get the wind force on each panel by 
integration method
Wind force on each roof-
to-wall connection
Using external interpolation to get 
pressure information of 400 points 
(time history of pressure)
 
 
As discussed in Chapter Four, the tornado uplift wind force on roof is represented by 
the wind force coefficient as defined below: 
 20.5
Z
FZ
max0
FC
u A

  
                                                 (6.6)                                               
where, FZ is uplift force due to tornado on roof, ρ is the air density. Note that the velocity 
used to normalize the force coefficient in Chapter Four was not used here. Instead, the 
maximum tangential velocity umax0 in the entire wind field was used to compute the force 
coefficient. A is the projected roof area. In Eq. 6.6, the CFZ value was characterized as a 
random variable based on the time history of FZ, while ρ, umax0 and A were treated as 
constants.  
Fig. 6.6 shows the CDFs of the measured tornado wind forces on selected panels, 
namely, Panels 1, 5, 46 and 50 (see Fig. 6.4) when the low-rise building was located at the 
center of tornado vortex. Also shown in Fig. 6.6 are the fitted normal distributions to the 
Fig. 6.5 Flow chart of tornado wind force statistics
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measured tornado wind forces. It clearly shows that the normal distribution can represent 
the distributions of tornado wind forces on the panels. It should be noted that the four 
selected Panels 1, 5, 46 and 50 were located at the corner of the roof. All the tornado wind 
force coefficients on other 44 panels were also fitted to normal distribution. Good 
agreements were observed between the data and the fitted normal distributions. Note that 
as the panels were placed on the external surface of the roof, only the external tornado wind 
forces were considered (i.e. the measured internal pressures were not used to compute the 
forces on the roof panels). 
 
 
 
Fig. 6.7 gives the interpolated/extrapolated tornado wind force coefficients when the 
building was located at different distances from the center of the tornado. The left and right 
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Fig. 6.6 CDF of tornado wind force on Panel 1, 5, 46 and 50 (r/rc0 = 0)
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figures show the mean and standard deviation of tornado wind force coefficient, 
respectively. When the building was located at the core radius of tornado vortex, the most 
unfavorable uplift forces were observed on the panels. Note that Panels 40 to 50 located at 
the bottom right corner of the roof (see Fig. 6.4) experienced higher uplift forces because 
of the vortex separation at this region due to tornado-building aerodynamic interaction (see 
discussion in Chapter Four for more details). Correspondingly, the standard deviations of 
tornado wind force coefficients were also higher at Panels 40 to 50 due to the higher mean 
wind forces. The means and standard deviations of tornado wind force coefficient shown 
in Fig. 6.7 were used in the Monte Carlo simulation to generate random wind demand 
(force) which were in turn used to develop the fragility curves for roof panels.  
 
 
 
(a)   mean wind force coefficient     (b) standard deviation of wind force coefficient 
Fig. 6.7 Color plots of tornado wind force coefficients for roof panels.  
 
Different from the computation of the tornado wind force on panels, both the external 
and internal tornado wind forces on roof were considered in the fragility analysis of the 
roof-to-wall connections shown in Table 6.5. Case A represents a perfectly enclosed 
building. Cases B and C represent nominally enclosed structure with leakages while Case 
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D corresponds to partially enclosed structure according to ASCE 7-10. For Case D, the 
opening hole was located on the windward wall in the tornado vortex, which was deemed 
the most unfavorable configuration based on the study in Chapter Four.  
 
Case No. opening ratio (γ) description  
Case A 0 Perfectly enclosed structure 
Case B 0.05% 
Nominally enclosed structure with leakage 
Case C 0.1% 
Case D 4% Partially enclosed structure  
 
For illustration purpose, the measured external tornado wind forces on selected roof-to-
wall connections (1, 21, 22, 42) for the perfectly enclosed building and the fitted normal 
distributions are shown in Fig. 6.8. As can be seen, good agreements were observed 
between experimental results and the fitted normal distributions. Fig. 6.9 gives the color 
plots of the means and standard deviations of tornado wind force coefficients for all the 
roof-to-wall connections and different normalized distances of the building location 
relative to the tornado vortex. Clearly, Fig. 6.9 shows that when the building was located 
at the core radius of tornado vortex (r/rco = 1), the roof-to-wall connections experienced 
the highest uplift wind forces. Additionally, the roof-to-wall Connectors 1-10 and 22-30 at 
the leading edge of the roof have higher uplift forces than the connectors at the trailing 
edge. This is attributed to the tornado-structure aerodynamic interaction (see discussion in 
Chapter Four). 
Table 6.5 Case description
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(a) mean value（Case A）                     (b) standard deviation（Case A） 
 
 
(c) mean value（Case B）                     (d) standard deviation（Case B） 
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Fig. 6.8 CDFs of experimental results and fitted normal distributions (Case A, r/rc0 = 0)
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(e) mean value（Case C）                     (f) standard deviation（Case C） 
 
(g) mean value（Case D）                     (h) standard deviation（Case D） 
 
6.5 Roof System Fragility 
6.5.1 Roof sheathing panel fragility study 
Total of 50 panels were placed on the roof surface as shown in Fig. 6.4. Three different 
damage levels on roof sheathing panels were considered: 1) at least one roof sheathing 
panel fails (DL 1); 2) at least 10% of panels fail (DL 2); and 3) at least 25% of panels fail 
(DL 3) as described in Table 6.6. The different damage levels can potentially be used for 
estimating damage costs or losses due to roof panel failure. 
 
Fig. 6.9 Color plots of tornado wind forces on roof-to-wall connections for different cases 
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Damage level description  
DL 1 at least one panel fails 
DL 2 at least 10% panels fail 
DL 3 at least 25% panels fail 
 
Fig. 6.10 shows the failure probability of roof sheathing panels with different damage 
levels when the building was placed at different radial distances from the tornado vortex 
center. Three radial locations (e.g. at the tornado center r/rc0 = 0; at the core radius of 
tornado r/rc0 = 1; and outside of the core radius r/rc0 = 1.9) were selected and analyzed. In 
addition, the failure probability based on Eq. 6.4 when the building was subjected to 
straight-line boundary-layer wind was also calculated and presented. It should be noted 
that the x-axis in the Fig. 6.10 is the maximum tangential velocity of the whole wind field 
and it does not necessary represent the wind speed on the roof. The vertical blue lines 
delineate the wind speed ranges of EF0 to EF5 tornadoes. It should be noted that the 
presented fragility curves for tornado are dependent on the normalized distance of the 
tornado (r/rco) while the fragility curves for straight-line wind are not location dependent. 
When the building is located inside or at the core radius of tornado vortex, the roof 
sheathing panels have higher risk to be damaged than when the building is located outside 
of the core radius.  
Fig. 6.10 shows that improving the nail connection type would help reduce the failure 
probability of roof sheathing panels. For the case of nail type 1 (NT 1), when the building 
was at the tornado vortex center, a tornado with a peak wind speed of 85 mph, classified 
Table 6.6 Damage levels of roof sheathing panels 
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as EF0, the roof would have a 50% chance of losing least one panel. While in a straight-
line wind, 103 mph wind speed would cause the same damage level with the same failure 
probability. Similarly, a wind speed of 96 mph in an EF1 tornado could result in 50% 
chance of losing at least 10% roof sheathing panels. For the same damage level and 
probability (i.e. 50% probability of observing 10% roof panel loss), the corresponding 
damage wind speed for straight-line wind is 123 mph. In an EF1 tornado with a peak wind 
speed of 105 mph, there is a 50% probability of observing more than 25% failed roof panels, 
whereas to observed the same damage level and probability, the corresponding straight-
line wind speed is 140 mph.  
When the building is located at the core radius of tornado vortex, the results are similar 
to the case of r/rc0 = 0. It can be concluded that when the building is located inside or at the 
core radius of tornado vortex, the roof sheathing panel is expected to have higher risk to be 
damaged in a tornado than in a straight-line wind. However, for the case of r/rc0 = 1.9 
outside the core radius of tornado vortex, straight-line wind would make the roof sheathing 
panels more unsafe. The interesting finding can also be seen in Fig. 6.11. This is attributed 
to the wind speed is assumed constant along the wind flow direction in a straight-line wind, 
while the horizontal wind profile in a tornado shows that the wind speed outside the core 
radius reduces as the building is located further away from the core radius. In other words, 
when the tornado is located far away from the building (e.g. r/rco = 1.9), even though the 
maximum wind speed in a tornado is the same as the straight-line wind, the actual tornado 
wind speed at the building is actually lower than that of the straight-line wind speed.  
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Fig. 6.10 Failure probability of roof sheathing panels with different damage levels
Fig. 6.11 Failure probability of roof sheathing panels at different radial locations 
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Fig. 6.12 gives the contour plots of failure probability of roof panels subjected to a 
tornado as a function of the peak wind speed of the tornado and the normalized distance 
between the building and the tornado. The blue dash lines delineate tornadoes by EF scale. 
The findings in this figure are consistent with those observed in Fig. 6.10 and Fig. 6.11. 
These figures (Fig. 6.12) may be used in a performance-based design framework to achieve 
a structural design with a specified failure probability.  
In a performance-based design framework, it is essential to obtain the design wind speed 
that will satisfy the target failure probability. The previously presented Fig. 6.10 to Fig. 
6.12 show the fragility curves of roof sheathing panels for different damage levels. Fig. 
6.13 shows the design wind speeds with a 50% probability of observing the three prescribed 
roof panel damage levels. The design wind speed based on the straight-line wind in ASCE 
7-10 was also presented in Fig. 6.13. Similarly, the blue dash lines are shown to delineate 
the tornadoes by EF scale. According to Fig. 6.13, an EF0 tornado is expected to cause at 
least one roof sheathing panel damaged with a 50% probability, when the roof panels are 
attached with Nail type 1 and the building is inside or at the core radius of the tornado. To 
achieve the same damage level and probability (i.e. loss of one or more panels with a 50% 
probability) in an EF2 tornado, the EF2 tornado would have to be located at approximately 
1.7 rc0 (1.7 times the core radius) away from the building. As expected, the performances 
of roof panels with tight sheathing nail spacing (NT 2) are better than that with larger nail 
spacing (NT 1). When the building was located beyond 1.7 rc0 of the tornado center, 
straight-line wind with lower wind speed than the peak tornado wind would cause the same 
damage level to the roof sheathing panel. This finding was also observed in Fig. 6.10. 
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The fragility curves of roof sheathing panels with different damage levels under tornado 
hazard presented in this study may be used by the design code committee to set the design 
wind speed based on the failure probability. 
 
       
(a) 8d @150mm/300mm (DL 1)                 (b) 8d @150mm/150mm (DL 1) 
 
      
(c) 8d @150mm/300mm (DL 2)              (d) 8d @150mm/150mm (DL 2) 
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(e) 8d @150mm/300mm (DL 3)                          (f) 8d @150mm/150mm (DL 3) 
        
      
(a) Nail type 1                                                   (b) Nail type 2 
 
6.5.2 Roof-to-wall connection fragility study 
Roof-to-wall connection is an important component in the roof system. The damage of 
a roof-to-wall connection could result in cascading failure and increase the failure 
probability of the entire roof system. Four damage levels for roof system were defined and 
described in Table 6.7. Damage level 4 (RDL 4) is the highest damage level, indicating the 
sum of the uplift capacity of roof-to-wall connections cannot resist the tornado wind uplift 
r/rc0
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Fig. 6.12 Contour plot of failure probability of roof sheathing panels 
Fig. 6.13 Maximum tangential wind speed of tornado causing roof panel damaged with probability of 50% 
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loading, causing the failure of the entire roof system. RDL 4 assumes the roof system is a 
rigid body. It should be noted that the opening ratio effects or the tornado-induced internal 
wind loading were considered in this study. For comparison purpose, the fragility curves 
for straight-line wind loading based on the ASCE 7-10 was also produced. The perfectly 
enclosed case (Case As) without internal pressures, the nominally enclosed cases with 
leakage (Case Bs & Cs) with ±0.18 internal pressure coefficients, and the partially enclosed 
case (Case Ds) with ±0.55 internal pressure coefficients were analyzed in this study. 
 
Damage level description  
RDL 1 at least one roof-to-wall connection fails 
RDL 2 at least 10% of roof-to-wall connections fail 
RDL 3 at least 25% of roof-to-wall connections fail 
RDL 4 the entire roof frame damaged 
  
 
Fig. 6.14 shows the fragility curves of roof-to-wall connections with different damage 
levels for three roof-to-wall connection types for tornado and straight-line winds. The 
tornado wind with the same maximum wind speed of straight-line wind can cause the roof-
to-wall connections damaged with higher probability, when the building is located inside 
or at the core radius of tornado vortex for the perfectly enclosed case (Case A). As expected, 
higher wind speed would result in higher damage level, which is consistent with the 
damage surveys.  
Table 6.7 Damage levels of roof-to-wall connections 
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(a) Case A 
 
 
(b) Case B 
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169 
 
 
(c) Case C 
 
 
(d) Case D 
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Fig. 6.14 Fragility curve of roof-to-wall connections with different damage levels 
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The opening ratio effects on fragility curve of roof-to-wall connections were illustrated 
in Fig. 6.15. Taking the damage level 1 (RDL 1: at least one roof-to-wall connection 
damaged) of roof-to-wall connection type 1 (CT 1) as example, increasing the opening 
ratio would make the roof-to-wall connection safer due to the uplift force on roof is reduced 
for higher opening ratio when inside the core radius (see Chapter Four). At the core radius 
of tornado vortex, the big opening on windward wall (Case D) would cause the roof-to-
wall connection damaged with high probability. EF0 tornado would cause at least one roof-
to-wall connection failed with 50% probability for the perfectly enclosed structure (Case 
A), while the intensity of tornado vortices would increase to EF1 for enclosed structure 
(Case B and C) and EF2 for partially enclosed structure (Case D) when the building is at 
the center of tornado vortex. When the building is at the core radius of tornado vortex, 
tornado with intensity of EF0 or lower could result in 50% probability of the roof-to-wall 
connection damaged for both perfectly enclosed structure (Case A) and partially enclosed 
structure (Case D). For nominally enclosed structure with leakage (Cases B and C), the 
same performance for the roof-to-wall connection was observed only for EF0 tornado. 
When the tornado is moving far from the building at r/rc0 = 1.9, EF1 tornado can cause at 
least one roof-to-wall connection damaged with a 50% probability for perfectly enclosed 
structure (Case A) and partially enclosed structure (Case D). Fig. 6.16 shows the 
probability of failure contour plots for different damage levels and roof-to-wall connection 
types. The color bar in the figure indicates the failure probability.  
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(a) At least one roof-to-wall connection damaged 
 
 
(b) At least 10% roof-to-wall connections damaged 
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(c) At least 25% roof-to-wall connections damaged 
 
 
(d) The entire roof frame damaged 
P f P f P f
P f P f P f
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Fig. 6.15 Fragility curve of roof-to-wall connections for different opening ratios
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(a) Case A 
 
 
(b) Case B 
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(c) Case C 
 
 
(d) Case D 
Fig. 6.16 Contour curve of roof-to-wall connections for different opening ratios
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Similar to the roof sheathing panel fragility analysis, Fig. 6.17 gives the design wind 
speed causing the roof-to-wall connections with a 50% of failure probability for different 
roof-to-wall connection types and damage levels. The design wind speed based on the 
straight-line wind specified in ASCE 7-10 was also presented in Fig. 6.17. The different 
opening ratio effects (Case A ~ Case D) were illustrated in this figure. Firstly, focusing on 
damage level 1 (RDL 1) for roof-to-wall connection type 1 for simplicity, it can be clearly 
found that inside or at the core radius, tornado of EF0 or less intense can cause at least one 
roof-to-wall connection damaged at 50% chance for Case A. The same damage level for 
Cases B and C, however, would only be observed under EF0 and EF1 tornadoes for Cases 
B and C, respectively. This study shows that higher opening ratio (Case D) increases the 
roof-to-wall connection safety (i.e. the same damage level only observed for EF2 tornado). 
As the tornado vortex is located further away from the building, the higher opening ratio 
(Case D) would make the roof-to-wall connection unsafe and at higher risk to fail at lower 
wind speed or EF scale. All the above findings are consistent with those in Fig. 6.14 to Fig. 
6.16. Note that the wind speed in Fig. 6.17 is the maximum tangential wind speed of the 
whole wind field, not the actual wind speed on the building. 
The detailed information of design EF scales for failure probabilities of 10% and 50% 
are provided in the tables in Appendix B. 
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(a) At least one roof-to-wall connection damaged 
 
 
(b) At least 10% of roof-to-wall connections damaged 
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(c) At least 25% of roof-to-wall connections damaged 
 
 
(d) The entire roof frame damaged 
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Fig. 6.17 Maximum tangential wind speed of tornado causing roof-to-wall connections damaged with 
probability of 50% 
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6.6 Conclusions 
In this section, a framework for the assessment of building envelope failures of 
residential buildings subjected to tornado hazard was developed.  The conclusions can be 
drawn as: 
1) Higher damage levels (or in other words, more damages on roof components) would 
occur under higher tornado wind speed or more intensive tornado. 
2) With the same maximum wind speed in a tornado and straight-line wind, the tornado 
would cause more serve damages on roof sheathing panels when the building is inside or 
at the core radius of tornado, which indicates that a direct use of ASCE 7-10 code for 
designing for tornado hazard would underestimate the failure probability of the roof system. 
However, when the building is located far from the tornado vortex center (i.e. r/rc0 > 1.7), 
the roof sheathing panels would fail at higher probability in a straight wind than in a tornado 
event. 
4) Higher opening ratio with opening on windward wall of tangential velocity would 
make the roof-to-wall connection safer inside the core radius of tornado, while increase the 
failure probability of roof-to-wall connection when the building at or outside of the core 
radius of tornado. 
5) Improving the attachment strength of sheathing nails and roof-to-wall connection will 
make the roof system stronger and safer.  
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The presented framework can be used to assist in the development of a risk consistent 
design procedure. The results presented in this study may be helpful for local jurisdictions 
to implement new policies for retrofitting existing buildings to resist against tornadoes.  
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   CONCLUDING REMARKS 
There are four major research tasks and contributions in this dissertation. The 
concluding remarks of the four tasks are summarized below: 
1) Task 1: Experimental simulation of tornado wind  
Experimental studies on the tornado-like vortices were investigated considering the 
roughness effects. The main objective of the experimental studies was to characterize the 
three velocity components of wind flow and wind pressure drop accompanying a tornado. 
The results of this task provide a better understanding of the characteristics of multiple-cell 
tornado wind field. The outcomes of this task are used in Task 3 to develop a multiple-cell 
tornado wind field model.  
2) Task 2: Tornado-structure interaction 
Tornado-structure interactions have been experimentally conducted. The tornado-
structure interaction study shows the combined effects of pressure drop accompanying a 
tornado and tornado-structure aerodynamic interaction control the overall pressure 
distribution on structures due to tornado, which provides a potential application for 
modelling tornado wind pressure on structures. In addition, the tornado-structure 
interaction study is useful for developing a tornado resistance design procedure for building 
codes. 
3) Task 3: Three-dimensional tornado wind field model  
A 3D tornado wind field model of multiple-cell tornado vortices based on the results 
discussed in Task 1 was proposed. One of the key features of this new model is that it is 
able to characterize the vertical distribution of tangential wind speed at different radial 
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locations relative to the core radius, including the shearing profile inside the core radius 
and boundary-layer profile outside the core radius. In addition, this new wind field model 
can simulate the downward flow of axial velocity near the center of the vortex and the 
transition of flow direction of radial velocity in multiple-cell vortices.  
4) Task 4: Development of a risk assessment framework for tornado hazards 
A fragility framework for risk assessment of residential buildings exposed to tornado 
vortices was developed. A series of roof structure damage fragility curves were generated 
to quantify the failure probability of the roof of a low-rise building considering the 
proximity of the tornado to the building and the building opening configuration. The 
outcomes of this task may be useful for developing a risk consistent design procedure for 
building codes. 
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APPENDIX A   TORNADO VORTEX SIMULATION PROCEDURE 
1) Setup of Cobra Probe 
The wind field information was measured by using Cobra Probe device as shown in Fig. 
A.1. Two cobra probes were placed symmetrically around the vortex simulator center as 
shown in Fig. A. 2 to obtain the wind speeds and pressures of the tornado vortex. The cobra 
probes were placed at different radial locations and elevations above the ground plane to 
capture the information of the entire wind field.  
 
 
(a) Schematic diagram of Cobra Probe 
 
 
(b) Real picture of Cobra Probe 
 
Fig. A. 1 Cobra Probe
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Tornado vortex simulator
Cobra Probe
Cobra Probe Tornado vortex
 
 
2) Measuring frequency and time 
The measuring frequency and time were set at 500Hz and 90 seconds, respectively for 
the measurement of tornado wind speeds and pressure drop. Note that, the averaged values 
of velocity and pressure in 90 seconds were presented in this dissertation. In this 
experiment, the velocity scale and length scale was assumed as 1/6 and 1/300, respectively, 
which results in the time scale to be 1/50. Therefore, the measuring time of 12 seconds in 
a simulated tornado correspond to 10 minutes in a real tornado, which was commonly used 
as the quantitative period in a straight wind. The total measuring time of 90 seconds can 
approximately model 7 runs of real tornado. All the velocity components were the averaged 
values during the measuring time of 90 seconds. 
3) Adjustment of tornado vortex simulator 
After the setup of cobra probes, the vortex simulator was adjusted with the fan speed of 
1500 rpm. The guide vanes were fixed at a certain angle in one single simulation. Five 
different guide vane angles were considered (i.e. θ=20o, 30o, 40 o, 50 o and 60 o) as shown 
in Fig. A. 3. 
Fig. A. 2 Placement of Cobra Probe
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Fig. A. 3 Guide vane angle adjustment
ߠଵ
ߠଶ Guide vane 
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APPENDIX B   DESIGN EF SCALE 
The design EF scale of tornado which can cause roof sheathing panels and roof-to-wall 
connections damaged with 10% and 50% probability of failure for different damage levels 
were provided in the tables as follows. Note that the equivalent EF scales given in the last 
column in tables are for straight winds based on ASCE 7-10.  Three typical radial locations 
between the building and tornado vortices were selected as they can be classified as at the 
tornado vortex center (r/rc0 =0), at the core radius of tornado (r/rc0 =1) and outside the 
tornado (r/rc0 =1.5). 
Nail type Damage 
level 
EF scale 
(r/rc0 =0) 
EF scale 
(r/rc0 =1) 
EF scale 
(r/rc0 =1.5) 
EF scale 
(equivalent) 
Type 1 
(NT 1) 
DL 1 EF0 EF0 EF1 EF1 
DL 2 EF1 EF1 EF1 EF2 
DL 3 EF1 EF1 EF2 EF2 
Type 2 
(NT 2) 
DL 1 EF1 EF1 EF2 EF2 
DL 2 EF2 EF3 EF3 EF4 
DL 3 EF3 EF3 EF4 EF4 
 
Nail type Damage 
level 
EF scale 
(r/rc0 =0) 
EF scale 
(r/rc0 =1) 
EF scale 
(r/rc0 =1.5) 
EF scale 
(equivalent) 
Type 1 
(NT 1) 
DL 1 EF0 EF0 EF1 EF1 
DL 2 EF1 EF1 EF2 EF2 
DL 3 EF1 EF1 EF2 EF3 
Type 2 
(NT 2) 
DL 1 EF2 EF2 EF3 EF3 
DL 2 EF3 EF3 EF4 EF4 
DL 3 EF3 EF3 EF4 EF5 
 
 
Table B. 1 EF scale of tornado causing roof sheathing panels damaged with 10% probability of failure
Table B. 2 EF scale of tornado causing roof sheathing panels damaged with 50% probability of failure
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Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 1 
(at least 
one roof-
to-wall 
connection 
damaged) 
Type 1 
(CT 1) 
Case A <EF0 <EF0 <EF0 EF1 
Case B EF0 <EF0 EF0 EF1 
Case C EF0 <EF0 EF0 EF1 
Case D EF1 <EF0 EF0 EF2 
Type 2 
(CT 2) 
Case A EF0 EF0 EF1 EF3 
Case B EF1 EF1 EF1 EF3 
Case C EF1 EF1 EF1 EF3 
Case D EF2 EF0 EF1 EF4 
Type 3 
(CT3) 
Case A EF1 EF1 EF2 EF3 
Case B EF2 EF1 EF2 EF4 
Case C EF2 EF2 EF2 EF4 
Case D EF3 EF1 EF2 EF5 
 
 
Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 1 
(at least 
one roof-
to-wall 
connection 
damaged) 
Type 1 
(CT 1) 
Case A <EF0 <EF0 EF0 EF1 
Case B EF0 EF0 EF0 EF2 
Case C EF1 EF0 EF1 EF2 
Case D EF2 <EF0 EF0 EF3 
Type 2 
(CT 2) 
Case A EF1 EF0 EF1 EF3 
Case B EF2 EF1 EF2 EF3 
Case C EF2 EF1 EF2 EF3 
Case D EF4 EF0 EF1 EF5 
Type 3 
(CT3) 
Case A EF1 EF1 EF2 EF4 
Case B EF3 EF2 EF3 EF5 
Case C EF3 EF2 EF3 EF5 
Case D EF5 EF1 EF2 EF5 
 
Table B. 3 EF scale of tornado causing roof-to-wall connection with 10% probability of failure for damage 
level 1 
Table B. 4 EF scale of tornado causing roof-to-wall connection with 50% probability of failure for damage 
level 1 
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Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 2 
(at least 
10% roof-
to-wall 
connection 
damaged) 
Type 1 
(CT 1) 
Case A <EF0 <EF0 EF0 EF1 
Case B EF0 EF0 EF1 EF1 
Case C EF1 EF0 EF1 EF1 
Case D EF2 <EF0 EF0 EF2 
Type 2 
(CT 2) 
Case A EF1 EF1 EF1 EF3 
Case B EF1 EF1 EF2 EF3 
Case C EF2 EF1 EF2 EF3 
Case D EF3 EF1 EF1 EF4 
Type 3 
(CT3) 
Case A EF1 EF2 EF2 EF4 
Case B EF3 EF2 EF3 EF4 
Case C EF3 EF3 EF3 EF4 
Case D EF4 EF2 EF2 EF5 
 
 
Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 2 
(at least 
10% roof-
to-wall 
connection 
damaged) 
Type 1 
(CT 1) 
Case A EF0 EF0 EF0 EF1 
Case B EF1 EF0 EF1 EF2 
Case C EF1 EF0 EF1 EF2 
Case D EF3 EF0 EF0 EF3 
Type 2 
(CT 2) 
Case A EF1 EF1 EF2 EF3 
Case B EF2 EF1 EF2 EF4 
Case C EF3 EF2 EF3 EF4 
Case D EF5 EF1 EF2 EF5 
Type 3 
(CT3) 
Case A EF2 EF2 EF3 EF4 
Case B EF4 EF3 EF4 EF5 
Case C EF4 EF3 EF4 EF5 
Case D EF5 EF2 EF3 EF5 
 
 
Table B. 5 EF scale of tornado causing roof-to-wall connection with 10% probability of failure for damage 
level 2 
Table B. 6 EF scale of tornado causing roof-to-wall connection with 50% probability of failure for damage 
level 2 
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Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 3 
(at least 
25% roof-
to-wall 
connection 
damaged) 
Type 1 
(CT 1) 
Case A <EF0 EF0 EF0 EF1 
Case B EF1 EF0 EF1 EF1 
Case C EF1 EF1 EF1 EF1 
Case D EF2 EF0 EF0 EF2 
Type 2 
(CT 2) 
Case A EF1 EF1 EF1 EF3 
Case B EF2 EF1 EF2 EF3 
Case C EF2 EF2 EF3 EF3 
Case D EF4 EF1 EF2 EF4 
Type 3 
(CT3) 
Case A EF2 EF2 EF3 EF4 
Case B EF3 EF3 EF3 EF4 
Case C EF3 EF3 EF4 EF4 
Case D EF5 EF2 EF3 EF5 
 
 
Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 3 
(at least 
25% roof-
to-wall 
connection 
damaged) 
Type 1 
(CT 1) 
Case A EF0 EF0 EF1 EF2 
Case B EF1 EF0 EF1 EF2 
Case C EF2 EF1 EF2 EF2 
Case D EF5 EF0 EF1 EF4 
Type 2 
(CT 2) 
Case A EF1 EF1 EF2 EF3 
Case B EF3 EF2 EF3 EF4 
Case C EF3 EF2 EF3 EF4 
Case D EF5 EF1 EF2 EF5 
Type 3 
(CT3) 
Case A EF2 EF2 EF3 EF4 
Case B EF4 EF3 EF4 EF5 
Case C EF5 EF3 EF4 EF5 
Case D EF5 EF2 EF3 EF5 
 
 
Table B. 7 EF scale of tornado causing roof-to-wall connection with 10% probability of failure for damage 
level 3 
Table B. 8 EF scale of tornado causing roof-to-wall connection with 50% probability of failure for damage 
level 3 
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Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 4 
(whole 
roof 
framing  
damaged) 
Type 1 
(CT 1) 
Case A EF0 EF0 EF1 EF1 
Case B EF1 EF1 EF1 EF2 
Case C EF1 EF1 EF1 EF2 
Case D EF4 EF0 EF1 EF2 
Type 2 
(CT 2) 
Case A EF1 EF1 EF2 EF3 
Case B EF2 EF2 EF3 EF3 
Case C EF3 EF2 EF3 EF3 
Case D EF5 EF1 EF2 EF4 
Type 3 
(CT3) 
Case A EF2 EF2 EF3 EF4 
Case B EF4 EF3 EF4 EF5 
Case C EF4 EF4 EF4 EF5 
Case D EF5 EF2 EF3 EF5 
 
 
Damage 
level 
Connection 
type 
Case No. EF scale 
(r/rc0 =0) 
EF scale  
(r/rc0 =1) 
EF scale  
(r/rc0 =1.5) 
EF scale 
(equivalent) 
RDL 4 
(whole 
roof 
framing  
damaged) 
Type 1 
(CT 1) 
Case A EF0 EF0 EF1 EF2 
Case B EF1 EF1 EF2 EF2 
Case C EF2 EF1 EF2 EF2 
Case D EF5 EF0 EF1 EF4 
Type 2 
(CT 2) 
Case A EF1 EF1 EF2 EF3 
Case B EF3 EF2 EF3 EF4 
Case C EF4 EF2 EF4 EF4 
Case D EF5 EF1 EF2 EF5 
Type 3 
(CT3) 
Case A EF2 EF2 EF4 EF5 
Case B EF4 EF3 EF5 EF5 
Case C EF5 EF4 EF5 EF5 
Case D EF5 EF3 EF4 EF5 
 
 
Table B. 9 EF scale of tornado causing roof-to-wall connection with 10% probability of failure for damage 
level 4 
Table B. 10 EF scale of tornado causing roof-to-wall connection with 50% probability of failure for 
damage level 4 
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